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ABSTRACT 
    In a previous study the orientation dynamics of an o-derivitized methyl red monolayer (o-dMR 
ML) was found to exhibit unusual sub-diffusive behavior caused by molecular interactions. From 
our prior study of the cis to trans thermal relaxation rate of o-dMR in solution-based experiments, 
we discovered an unexpected behavior that appeared to be associated with the hydrogen 
bonding properties of the solvents. The objective was to further investigate the influence of 
hydrogen bonding on cis to trans thermal relaxation and to possibly connect it to the 
orientational dynamic of the monolayer. 
    The o-methylated_dMR, which has the hydrogen on the amide group of o-dMR methylated, 
was synthesized. The influence of the hydrogen bonding on o-dMR and o-methylated_dMR was 
studied through solution experiment: UV-Vis absorption spectroscopy, the measurement of the 
cis-trans thermal relaxation rate, and the quantum mechanical modeling. The surface 
characterization of the conformity, thickness and the volume density for o-dMR and o-
methylated_dMR ML were done through atomic force microscopy and angle-resolved x-ray 
photoelectron spectroscopy. The effect of intermolecular interactions within the MLs was studied 
through the UV-Vis absorption spectroscopy, the measurement of the cis-trans thermal 
relaxation rate and the measurement of the birefringence of the MLs. 
    The solution study indicated that the competition between intermolecular and intramolecular 
hydrogen bond leads to the decrease of the cis-trans thermal relaxation rate. By contrast, the 
intermolecular hydrogen bonding between the electron-withdrawing group of o-dMR and the 
hydrogen-bond donor solvent molecules increases the cis-trans thermal relaxation rate of o-
dMR. The monolayer study of UV-Vis absorption spectroscopy and thermal relaxation 
measurement indicates that the transition and excited state of the molecules are affected by 
intermolecular hydrogen interactions and π-π stacking interactions. However, the result of the 
birefringence study implied that the unusual sub-diffusion kinetics of the o-dMR ML is mainly 
caused by the π-π stacking interactions rather than the hydrogen bonding interactions. The o-
dMR ML develops a better photo-induced anisotropic layer than the o-methylated_dMR ML, 
which is mainly contributed by a faster thermal relaxation rate and a higher volume density of 
the o-dMR ML. 
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    Photo-switching molecules have been widely studied for decades due to their appealing 
optical and electronic properties. Photo-switching molecules are those that change their physical 
geometry reversibly without altering their chemical composition by absorbing light. This photo-
switching process is called photo-isomerization. The two geometries are called cis and trans, 
which trans isomer is almost straight and cis isomer is bent. Thus the trans isomer is more 
anisotropic than the cis isomer. Commonly the photo-switching molecules stay in the trans form 
in the dark since the trans isomers are the lowest energy configuration and are generally more 
thermally stable compared to the cis isomers.  Because of these properties, photo-switching 
molecules are broadly applied to optical devices(1-6), photoregulation of biomolecules(7-9), 
solar cell devices(10-12) and liquid crystal (LC) alignment systems(13-18). 
    2-((4-(dimethylamino)phenyl)diazenyl)-N-(3-(triethoxysilyl)-propyl)benzami (o-dMR), which is 
a photo-switching molecule, has been studied for years. The o-dMR monolayer shows 
unprecedented sensitivity in aligning nematic LCs and photo-induced switching of the alignment. 
The study of orientation dynamic of the dMR monolayer from Guanjiu Fang demonstrates an 
unexpected but interesting kinetics(19). The result indicates that the orientation dynamics of the 
monolayer is affected by the molecular mean field. In our attempt to study the characteristics of 
the thermal relaxation of o-dMR through solution-based experiment, we discovered an additional 
anomalous behavior, which able to associate with hydrogen-bonding effect due to the change of 
the environment of o-dMR. Could these characteristics of o-dMR be related? Is it possible that 
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hydrogen bonding is the key? Perhaps molecule associations in the monolayer and 
isomerization dynamics involve hydrogen bonding and that is why o-dMR is so special.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
1.1 Liquid crystal alignment system 
    Liquid crystal molecules have orientation order but no positional order. When LC molecules 
align to a preferred direction, the direction is called director (𝑛). To describe how order the LC 
molecules align in 3-dimension, an order parameter (S) is defined as 
                            𝑆 = 𝑃!  (cos 𝜃) =      
!
!
cos! 𝜃 − !
!
                                                                      (1.1) 
where θ is the angle between the long axis of one of the LC molecules in the ensemble and the 
local director. The bracket represents an average over an ensemble of molecules within a 
volume. When the LC molecules are well aligned to the director, then many of the molecules in 
the ensemble have θ=0, and the order parameter approaches 1. When the LC molecules 
behave like a normal liquid, which has no orientational order, the order parameter approaches 0. 
    The nematic LC molecules usually have a rod-like shape and are thus optical uniaxial. They 
can be easily orientationally aligned by applying an electric or magnetic field but they are still 
able to translationally move freely, which makes them good candidates for a liquid crystal 
display (LCD). In an LCD, the traditional method to align LC molecules is to mechanically rub 
the interior polymer coated windows. The LC molecules align along the rubbing direction to 
reduce the elastic deformation energy of the LC medium.  When the rubbing direction of these 
two polymer-coated windows is orthogonal to each other with nematic LC molecules between 
theses two windows, the device is called a twisted nematic (TN) cell. This twisted nematic cell 
technology is wildly applied in commercial displays. A TN-LCD is composed of a pair of crossed 
polarizers, glass substrates coated with indium tin oxide electrodes that have unidirectional 
polymer films on them, and nematic liquid crystal, as shown in Fig. 1.1. When there is no 
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voltage applied on the electrodes, the state is called off-state. The incoming light that passes the 
first polarizer has a polarization determined by the pass direction of the first polarizer. When this 
light goes through the twisted nematic LC molecules, it changes its polarization by 90 degrees. 
Thus the light is able to pass through the second polarizer. When the voltage is applied to the 
electrodes, which is called on-state, the LC molecules align along the direction of the electric 
field which is perpendicular to the windows. This alignment does not change the polarization of 
the passing light. Thus the passing light exhibits the polarization of the first polarizer through the 
entire LC cell, which makes the light unable to pass through the second polarizer. 
1.1.1 Retardation plate 
    The physics of how the TN-LCD works is well describedby Yeh and Gu(20). This is based on 
the optical anisotropy of the LC molecules. The LC molecules exhibit optical anisotropy that is 
commonly quantified by the birefringence (Δn), as shown in Eq. (1.2) 
                                                      ∆𝑛 = 𝑛! − 𝑛!                                                                             (1.2) 
The ordinary refractive index n0 is for light with electric field polarization perpendicular to the 
long axes of the molecules and the extraordinary refractive index ne is for light with electric field 
polarization parallel to the long axes of the molecules.  
    To visualize the change of the electric field polarization of the linearly polarized light (LPL,
) within the TN-LCD, we can treat the LC molecules as a retardation plate. Retardation 
plates are made of birefringent material and are polarization-state converters. The light 
propagation in this birefringent medium consists of a linear superposition of two normal modes 
that are ordinary and extraordinary waves. The “slow” (s) and “fast” (f) axis of the medium refers 
→
ELPL
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to the direction of polarization for the normal modes, as shown in Fig. 1.2. They are mutually 
orthogonal to each other.  
 
Figure 1.1   Structure of TN-LCD device in an on-state and in an off-state. The orange rod is the 
nematic LC molecule. The red arrow is the passing light with polarization direction that is 
indicated by the black arrows. The blue plates are the polarizer (bottom one) and analyzer 
(upper one) with polarization transmission direction that is indicated by yellow arrows, 
respectively.  The green plates are the electrodes coated with rubbed polymer film and the dark 
blue arrow on it indicates the rubbing direction of the film. (a) The polarization of the incoming 
light changes its polarization by 90 degree through the cell due to the twisted LC molecules, 
which makes the light able to pass through the analyzer. This is called the off-state and we also 
call it the bright state. (b) When the voltage is applied on the electrodes, the LC molecules align 
along the electric field. The polarization of the incoming light remains its original polarization 
through the cell, which makes the light unable to pass the analyzer. This is called the on-state 
and we also call it the dark-state. 
    We can represent an incident beam of light with a polarization state by using Jones matrix 
algebra. The Jones vector is 
                                                                   𝑉 =
𝑉!
𝑉!
                                                                  (1.3) 
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where Vx and Vy are amplitudes of the optical field polarized along x and y, respectively. The 
optical intensity is proportional to 𝑉 ! = 𝑉!! + 𝑉!!. In order to visualize how the light propagates 
in the retardation plate, we can decompose the light into a linear combination of the s and f 
normal modes of the medium and express it as 
                               𝑉!𝑉!






                                                  (1.4) 
 
Figure 1.2   A retardation plate with azimuth angle ψ. s axis and f axis represent “slow” and “fast” 
axis, respectively. x, y, s and f axis lie on the same plane. 
where R(ψ) is the rotation matrix. Ve and Vo are amplitude of the optical field polarized along s 
and f, respectively. The normal modes going through the medium polarized along the fast and 
slow axes each have their own phase velocity and polarization. Thus one component is retarded 
relative to the other. This retardation results in the change of polarization-state of the emerging 
light. The emerging normal modes can be expressed as 

















                             (1.5) 
where d is the thickness of the plate and λ is the wavelength of the light. φ and Γ are the mean 
absolute phase change and phase retardation, respectively. They are defined as 
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𝑑                                                                (1.6) 
                                                     Γ = !!
!
𝑛! − 𝑛! 𝑑                                                                  (1.7) 
To express the emerging light in the x-y coordinates, we can transform the polarization state 
back from the s-f coordinates. 
                                           
𝑉!!
𝑉!!






                                  (1.8) 
Through a few calculations and substitutions from Eq. (1.4) to Eq. (1.8), we can express the 
Jones matrix of a retardation plate (W) in the x-y coordinates by its phase retardation Γ and 
azimuth angle ψ, which is  





  𝑅(Ψ)                                         (1.9) 
The phase factor e-iΦ can be neglected if interference effects due to multiple reflections are not 
important, or not observable.The orientation of the nematic LC molecules is a function of 
position along the z-axis; thus, the medium is not homogeneous. To treat nematic LC molecules 
as retardation plates, one needs to subdivide the medium into a large number retardation plates 
(N), each having the same thickness. It is assumed that each plate has its phase retardation 
and azimuth angle. Also the twisting is assumed linear. The Jones matrix of the LC molecules 
can be represented by superposition of the Jones matrix of N retardation plates. When N goes 
to infinity (N→∞), the Jones matrix of the TN-LC molecules in the x-y system can be expressed 
as  











                        (1.10) 
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where  
                                                       Γ = !!
!
𝑛! − 𝑛! 𝑑 =
!!
!
(∆𝑛)𝑑                                            (1.11)         
                                                                 𝑋 = 𝜙!! + (
!
!
)!                                                       (1.12) 
φt is the total twisting angle s defined by the alignment surface and d is the thickness of the LC 
cell.  To calculate the change of the polarization state of the incident light within the TN-LC cell, 
Eq. (1.13) is used. 
                                                                        𝑉! = 𝑊𝑉                                                          (1.13) 
V is the initial polarization state and V’ is the polarization state after light exits the medium. 
Instead of expressing Eq. (1.13) in the x-y system, it is also found useful to express Eq. (1.13) in 
the s-f system. Eq. (1.13) in the s-f system can be expressed as 
















                         (1.14) 
  Let us consider the situation that the input is polarized parallel to the director of the 
nematic LC molecules at the interface. The Jones vector of the incoming light based on the s-f 
system can be written as: 
                                                                𝑉!𝑉!
= 10                                                                 (1.15) 
Then we can get the Jones vector of the emerging by using Eq. (1.14) and (1.15) in the s-f 
system, as shown in Eq. (1.16) 








                                                    (1.16) 
→
ELPL
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In most TN-LC cells, the phase retardation is much larger than the twisting angle. For example, 
a TN-LC cell containing a LC layer with d=20 μm, Δn=0.23 and λ=500 nm leads to Γ/ϕt = 37. 
Thus we can simplify the Eq. (1.16) as 






                                                        (1.17) 
Eq. (1.17) indicates that the polarization state of the emerging beam is parallel to the local 
director of the nematic LC molecules at the exit plane. Likewise if the input is polarized 
perpendicular to the director of the nematic LC molecules at the interface, the polarization 
direction will also rotate. Thus it explains that the polarization state of the light twists as the 
director of the nematic LC molecules twists through the cell. This is called “adiabatic following”. 
It is helpful to visualize the change of the polarization state of LPL ( ) within the TN-LC cell.  
    Moreover, the transmission of the TN-LC cell within a pair of polarizers can be calculated by 
providing the angles of the polarization direction of the entrance and exit polarizer (Φent, Φexit) 
with respect to the x-axis and the total twisting angle (ϕt) with respect to the x-axis. The x-axis is 
chosen as the entrance LC director orientation. The transmission according to Jones matrix 
method is given by 
                                                                  𝑇 = 𝑉! ∙𝑊𝑉 !                                                        (1.18) 
V’ and V are the Jones vector of input and output polarization state, respectively. W is the Jones 
vector of the TN-LC cell, as shown in Eq. (1.10). V and V’ can be expressed as Eq. (1.19) in the 
x-y system.  
                                           𝑉 = cosΦ!"#sinΦ!"!
                        𝑉! = cosΦ!"#$sinΦ!"#$
                            (1.19) 
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                                𝑇 = cos! 𝜙! − Φ!"#$ + Φ!"# + sin! 𝑋 sin 2(𝜙! − Φ!"#$) sin 2Φ!"# 
                                        +!!
!!
sin 2𝑋 sin 2 𝜙! − Φ!"#$ + Φ!"#                                                   (1.20) 
                                        −𝜙!!
!"#! !
!!
cos 2(𝜙! − Φ!"#$) cos 2Φ!"# 
Under the off-state of TN-LCD, as shown in Fig. 1.1 (a), we can set  
                                              𝜙! =
!
!
   ,  Φ!"# = 0, Φ!"#$ =
!
!
                                                     (1.21) 
Insert them to the Eq. (1.20), we can get 















≅ 1     (Γ>>π)                                       (1.22) 
The result indicates that the light can pass through the cell without losing its intensity. So we 
also call off-state the bright state.   
Under the on-state of TN-LCD, as shown in Fig. 1.1 (b), we can set 
                                                  𝜙! = 0 ,  Φ!"# = 0, Φ!"#$ =
!
!
                                                   (1.23) 
Insert them into the Eq. (1.20), we can get 
                                                                      𝑇 = 0                                                                  (1.24) 
As one can imagine that when the voltage is applied, no light can pass through. So the on-state 
is also called the dark state. By this traditional LC alignment technique, passing/blocking of light 
can be controlled by the applied voltage. 
    The disadvantages of the traditional method to align LC molecules, which rubbed polymer 
films are employed as described in pg. 2, are contamination and defects from the rubbing cloth, 
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difficulty of patterning and inability to actively control alignment. Several techniques have been 
developed to solve these problems:  low-energy ion beams impinging on amorphous inorganic 
films(21), polyimide Langmuir-Blodgett films(22, 23), obliquely evaporated SiOx(24), and 
photoswitchable materials(13-16, 25-29).       
1.2 Photoalignment of TN-LC cell 
    Azobenzene molecules (Fig. 1.3) are photo-switchable since they are able to undergo 
photoisomerization through the azo unit (N=N). When the azo molecules are exposed to a LPL, 
they may or may not absorb the LPL depending on the angle between the long axis of the 
molecule and due to their high anisotropic absorption. If the long axis of the azo molecule is 
perpendicular to the , the azo molecule will barely absorb the light and stay in its original 
form, either cis or trans form. However, when the is parallel to the long axis of the azo 
molecule, the azo molecule will absorb the light and undergo photoisomerization. Subsequently, 
the azo cis isomers, which photoisomerize from trans isomers, thermally relax back to the trans 
form. And, depending on the orientation of the trans isomer after it thermally isomerizes back 
from the cis form, it may go through the photoisomerization again. To photo-align LC molecules, 
the anchoring energy of the azobenzene monolayer is one of the most important factors. The 
anchoring energy of the photo-alignment layer is the energy required to re-align the LC 
molecules from its preferred direction at the interface. Factors that affect the anchoring energy 
of the azo monolayer at the interface include the van der Waals force between the LC molecules 
and the azo molecules, the order parameter that describes how order the azo molecules align 
on the surface, and the surface density of the azo trans molecules. The azo films re-align the LC 
molecules by introducing van der Waals force such that the LC molecules align along the long 
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structure as rod-like nematic LC molecules. This reinforces the van der Waals force between 
azobenzene molecules and LC molecules. The order parameter of the alignment layer is 
determined by how effectively the photo-induced anisotropy is achieved under illumination. The 
surface density of the azo trans molecules is related to the photo-induced anisotropy 
mechanism and thermal relaxation rate. Thus, in order to achieve a good photo-alignment 
monolayer, the mechanism of photo-induced anisotropy needs to be understood.  
 
Figure 1.3   Azobenzene molecules (a) trans isomer (b) cis isomer. 
     Sekkat and Dumont(30, 31) explained the model of photo-induced anisotropy based upon 
the photoisomerization process of azo molecules. The azo molecules re-orient after absorbing 
light through three main mechanisms: Angular hole burning (AHB), angular redistribution (AR) 
and rotational diffusion (RD). Through the AHB mechanism, the trans isomers with their long 
axes perpendicular to are undistributed, while the rest of the trans isomers photoisomerize 
into cis isomers. AR refers to the process that the molecules reorient by going through the 
photoisomerization and thermal relaxation cycles. RD refers to reorientation of the molecules 
due to rotational Brownian motion. 
     When azo molecules are exposed to LPL, AHB and AR immediately take place(2) . 
Subsequently the PIA is built. Through AHB the azo trans isomers that have their long axes 
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azo isomer going through the photoisomerization is proportional to cos2θ, where θ is the angle 
between and the long axis of the azo molecule. Through AR, more trans azo isomers are 
generated by the cis to trans photoisomerization and thermal relaxation. The trans azo isomers 
that are generated by AR with an unfavorable direction of long axes will photoisomerize to cis 
isomers. During illumination, both azo molecules with a slow and fast thermal relaxation rate 
build an anisotropic layer. However, the azo molecules with a slower thermal relaxation rate 
cannot go through AR effectively, and it leads to a minimum relative population of the trans 
isomers. Since the population of the trans isomers affects the anchoring energy, an azo 
monolayer with the maximum trans isomers is preferred. In other words, azo molecules with a 
higher thermal relaxation rate, which leads to a higher relative population of trans isomers, are 
desired. 
    To photo-align the LC molecules using an azobenzene layer, one glass window is deposited 
with an azobenzene film and a polymer film is coated on the other glass window and 
subsequently rubbed. These two windows are separated by spacers and LC molecules are filled 
into the space. Since the director of the azo molecule can be controlled by , the alignment 
of the LC molecules can be manipulated through illumination due to the interactions between the 
azo molecules and LC molecules. When the photo-alignment TN LC cell is exposed to the LPL, 
the azo molecules will align perpendicular to ; the nematic LC molecules that contact azo 
molecules will spontaneously re-align along the long axis of the azo molecules, as shown in Fig. 
1.4. Since the nematic LC molecules that contact the rubbed polymer film remain orientated 
along the rubbing direction of the polymer film, the behavior of the photo-aligned TN LC cell can 
be controlled by . If the  is orthogonal to the rubbing direction of the polymer film the 
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rubbing direction of the polymer film. As a result, the polarization of the passing maintains its 
original polarization through the cell. In contrast, when  is parallel to the rubbing direction of 
the polymer film, the azo molecules will align along the direction that is orthogonal to the rubbing 
direction of the polymer film. Thus the local directors of the LC molecules, which contact azo 
molecules and rubbed polymer film respectively, will be orthogonal to each other. In this 
situation, the local director of the LC molecules is twisted through the cell, which twists the 
polarization of the passing LPL. Thus the polarization of the passing light twists by 90 degrees 
to its original polarization through the cell. 
 
 
Figure 1.4   Structure of photo-aligned TN-LC cell. The red ellipses are polymer molecules, grey 
ellipses are azo molecules and white ellipses are LC molecules. The grey arrow represents the 
LPL with the red arrow on it indicating the polarization direction. The LC molecules are 
sandwiched by two glass slides: one is coated with azo molecules and the other is coated with a 
polymer film with a unidirectional rubbing direction. (a) When the orientation of the polymer 
molecules is orthogonal to the polarization of the LPL, the azo molecules align perpendicular to 
the polarization of the LPL, and the LC molecules orient the same direction through the cell. 
Thus the light passing through the cell maintains its original polarization. (b) When the 
orientation of the polymer molecules is parallel to the polarization of the LPL, the azo molecules 
align perpendicular to the polarization of the LPL,which leads to the director of the LC molecules 
twisting by 90 degrees through the cell.  
→
ELPL
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    As mentioned earlier, a faster thermal relaxation rate of the azo molecules drives the AR 
mechanism more effectively, which leads to higher population of trans azo molecules. Thus to 
build a photo-alignment layer with a high population of trans azo molecules on it, we need to 
study the kinetics of the isomerization process of azobenzene molecules. 
1.3 Photoisomerization and thermal relaxation of azobenzene 
    The Jablonski energy diagram (Fig.1.5) illustrates the isomerization process including 
photoisomerization and thermal relaxation of azobenzene molecules. When the azo molecules 
are exposed to visible light, the photoisomerization process is initiated and the photostationary 
state is eventually reached. When the photostationary state is reached, it means the equilibrium 
state is achieved, where the ratio of cis to trans isomers is fixed. The ratio of cis to trans isomers 
is determined by the cross-sections of trans and cis isomers (σt, σc), the quantum yields of trans 
and cis isomers (Φt, Φc) and the thermal relaxation time constant (τ2). The isomerization rate of 
cis isomers can be expressed as  
                                        !!!(!)
!"
= 𝐹  𝜎!  𝜙!  𝑁! 𝑡 − 𝐹  𝜎!   𝜙!   𝑁! 𝑡 −
!!(!)
!!
                                    (1.25) 
where Nc(t) and Nt(t) are the volume number density of the cis and trans isomers as functions of 
time, respectively. F is the photo flux density. The quantum yield ratio of trans and cis isomers is 
assumed to be a constant, independent of wavelength while the cross-sections of trans and cis 
isomers are functions of the wavelength. The thermal relaxation time constant may vary 
depending on the different environments in which the molecules are placed(32-38). The thermal 
relaxation time constant becomes dominant in determining the ratio of trans to cis azo isomers 
when the factors of quantum yield ratios and cross-sections are relatively small. The thermal 
relaxation time constant can be calculated by solving the Eq. (1.25). We first rewrite the Eq. 
(1.25) into, 
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                                         !!! !
!"
= 𝐹  𝜎!  𝜙!   1 − 𝜌 𝑡 − 𝐹  𝜎!   𝜙!   𝜌 𝑡 − 𝑘  𝜌 𝑡                            (1.26) 
where ρ(t) is the Nc(t)/(Nt(t)+ Nc(t)) and k=1/τ2, which k is defined as the thermal relaxation rate. 
When the molecules are thermal relaxed in the dark (F=0), the Eq. (1.26) turn into 
                                                                 !!!(!)
!"
= −𝑘  𝜌!(𝑡)                                                     (1.27) 
Solve Eq. (1.26), we get 
                                                                   𝜌! 𝑡 = 𝑐  𝑒!!"                                                       (1.28) 
By applying the initial condition ρ(0)= ρpss , where pss = photostationary state, into Eq. (1.28), 
we get c=ρpss  . We plug it back to Eq. (1.27) and get 
                                                                  𝜌! 𝑡 = 𝜌!""  𝑒
! !!!                                                    (1.29) 
Thus the thermal relaxation time constant can be calculated when the population of the cis 
isomer as function of time is known. In Chapter 4, we will describe how to measure the 
population of the cis isomer over time by using a hand-made pumping-probing device(39, 40).  
    In this thesis, we regard that an azo molecule within a monolayer (ML) takes the surrounding 
azo molecules as its environment. It is hard to specify the environmental effect on azo 
molecules in a ML due to the lack of information about how azo molecules arrange in a ML. 
Since it is complex to visualize how the environmental effect takes place on a ML, I simplify the 
situation by studying the environmental effect in different organic solvents. In dilution solutions, 
the azo molecules are presumed to be surrounded by the solvents only, thus we can model the 
environmental effect by using different organic solvents. Through the properties of different 
organic solvents, we can study the role of the environment in the thermal relaxation time 
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constant. Based upon that, it is plausible to construct a model of how azo molecules behave in a 
ML. 
 
Figure 1.5   Jablonski energy diagram of isomerization of azo molecules. 
    Since the thermal relaxation time constant plays such a key role in determining PIA 
phenomena and the ratio of cis to trans isomers as mentioned above, it is necessary to 
understand how the thermal relaxation mechanism works. Thermal relaxation mechanisms have 
been widely studied for years. Azobenzenes have been proposed to possess two thermal 
relaxation mechanisms (Fig. 1.6): inversion and rotation(32, 41). Both of the thermal relaxation 
mechanisms go through a transition state and the barrier energy of the transition state 
determine the thermal relaxation rate of the molecules. These two mechanisms compete with 
each other and the dominant mechanism is altered by the solvent effect(42-44). Thus the 
thermal relaxation time constant (τ2) varies depending on the solvents(36, 38, 45). The 
magnitude of the solvent effect on the azobenzenes is strongly depending on the categories of 
the substituents in each side of the phenyl rings. The categories of substituents are classified by 
the capability of donating/ withdrawing electrons, since the substituents in each side of the rings 
directly affect the transition states of the azo molecules(34, 36, 38, 44, 45). More details will be 
explained in Chapter 2.1.   
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Figure 1.6   Thermal relaxation mechanisms(34) 
    Azobenzenes usually possess two main characterized excited states that can be observed 
within UV-Vis absorption range: n-π* and π-π*. The n refers to the energy of the non-bonding 
orbital, such as lone pair electrons on the nitrogen. The π and π* refer to the energy of the 
bonding and anti-bonding of the pi orbital, respectively. With different substituents to the phenyl 
ring, these two states may shift their energy, appearing at longer or shorter wavelength in the 
absorption spectrum. Based upon the absorption spectrum, azobenzenes can be grouped into 
three categories(31): (1) azobenzene type, (2) aminoazobenzene, and (3) pseudostilbene (Fig. 
1.7). The aminoazobenzenes are those that have electron-donating groups, such as aminos, in 
one side of the rings. Compared to azobenzenes, aminoazobenzenes have π-π* shifted to lower 
energy. On the other hand, pseudostilbenes that have electron-donating groups in one side of 
the rings and electron-withdrawing groups in the other side of the rings have n-π* and π-π* that 
overlap. The shift of the absorption spectrum is associated to the enhancement/ reduction of the 
energy difference between the highest occupied molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO), which indicates the energy that is required to excite the 
electron. When the electron-donating and electron-withdrawing groups are substituted to each 
side of the phenyl ring, it decreases the energy difference between the HOMO and the LUMO 
	   18	  
by enhancing the resonance structure of the azo molecules, which shifts the π-π* state to a 
longer wavelength. This red shift is called a bathochromic shift. By contrast, when the 
absorption spectrum shifts to a shorter wavelength, it is called a hypsochromic shift. The 
hypsochromic and bathochromic shift can be caused by the solvatochromic effect. The 
solvatochromic effect happens when an increase of the polarity leads to the differential 
stabilization of the excited state, LUMO, and the ground state, HOMO, of the molecules, which 
shifts the absorption spectrum.  The pseudostilbenes show a strong solvatochromic effect due 
to its highly dipolar character in the excited state. Usually, the thermal relaxation time constant 
is hours for azobenzenes, minutes for aminoazobenzenes and seconds for pseudostilbenes(46). 
To quantify the influence of the solvent on the thermal relaxation rate we can adopt a method to 
classify the solvents, such as those depending on hydrogen bonding properties, polarity, 
solvatochromic effects and other physico-chemical properties(47-53).  
 
Figure 1.7   Absorption spectra of various types of azo dyes (a) azobenzene, (b) 
aminoazobenzene, and (c) pseudostilbene type molecules in a polar environment, adapted from 
Fig 1.2 in Photoreactive Organic Thin Film(31).   
17
Figure 3.1. Ab orbance spectra of various types of azoaromatics.
(a) Azob zene, (b) aminoazobenzene, and (c) pseudostilb e ty
molecules in a pola e viro ment, adapted from the Figure 1.2 in Pho-
toreactive Organic Thin Films [54].
When the solution is illuminated the absorption spectrum changes, reflecting
the creation of cis isomers in the sample. The fundamental experiment performed
in solution, then, is the pump-probe absorbance experiment. In this experiment a
dye solution of carefully specified molarity is prepared. The absorption spectrum of
the dye molecules in their trans configuration is ascertained. The solution is then
pumped with a di erent beam of specific photon energy, ~⇥A, and intensity, IA. A
new absorption spectrum is measured, which reflects a photo-stabilized fraction,  ,
of cis isomers. This new state of the solution is termed a photostationary state. The
state is maintained as long as the exciting (or actinic as denoted by the subscript A)
light illuminates the sample.
The particular photostationary state that is achieved (amount of cis isomer cre-
ated) is a function of the actinic beam’s photon energy [33]. The rate at which the
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1.4 Introduction of o-dMR molecules 
    o-derivitized methyl red (o-dMR)(Fig. 1.8), which contains the azobenzene unit, has been 
synthesized and studied by the Liquid Crystal Materials Research Center (LCMRC) for more 
than ten years and its characteristics have been intensely investigated(17-19, 28).  The o-dMR 
shows a superior ability in photo-aligning nematic LC by with 5.5 mJ/cm2 of pump light 
dosage(17). This behavior arouses our interest in studying this particular molecule. The prior 
solvent studies of the polarity effect on the thermal relaxation rate of o-dMR shows that the 
thermal relaxation rate decreases with increase of the polarity of the solvent, which exhibits an 
opposite trend compared to common azobenzene molecules(17).  The o-dMR may have 
intramolecular hydrogen bonding between the azo nitrogen and the hydrogen of the amide 
group and may be able to build intermolecular hydrogen interaction to solvents. Many 
researches have addressed the significance of the hydrogen bonding in affecting the thermal 
relaxation rate in azo solutions and the isomerization process in azo films(9, 32, 33, 54-58). 
Thus we may gain more understanding on the effect of the intermolecular and intramolecular 
hydrogen interaction on the thermal relaxation rate by studying o-dMR. Moreover, since the 
thermal relaxation rate is associated with the PIA and relative population of the trans isomers, 
we may manipulate the performance of the photo-alignment layer by altering the intermolecular 
hydrogen environment. 
    When dealing with the thermal relaxation rate of azo molecules in a ML, how the azo 
molecules arrange in a ML is another factor that needs to be taken into account; while we do not 
have such a concern when dealing with the azo dilute solutions since the azo molecules in the 
solvents are not bounded to the surface and have more freedom. For the azo molecules to 
photoisomerize through inversion pathway, a minimum free volume of 0.12 nm2 is required while 
for them to photoisomerize through rotational pathway, a minimum free volume of 0.38 nm2 is 
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needed(59-61). Since the local free volume of the azo molecules affects the thermal relaxation 
rate and photoisomerization rate in a monolayer, the molecular interactions between the azo 
molecules, which determine how the azo molecules arrange in a ML, need to be studied(17, 19, 
62). 
 
Figure 1.8   Chemical structure of o-dMR, 2-((4-(dimethylamino)phenyl)diazenyl)-N-(3-
(triethoxysilyl)-propyl)benzamide. 
    The orientation dynamics of o-dMR ML was studied by Fang el. through a high sensitive 
polarimeter(19). The orientation dynamics of o-dMR ML shows a power-law behavior, which 
indicates the photoisomerization and thermal relaxation is a collective process(19). Furthermore, 
Clark explains the thermal and photo relaxation of the orientation dynamics in more detail and 
suggests that the power law relaxation is due to the two principal factors (Fig. 1.9)(63): (1) high 
in-plane packing density of the ML has a tendency to induce significant intermolecular 
interactions that are caused by van der Waals and dipole interaction of the conjugated cores. 
The intermolecular interactions greatly enhance the barrier height for molecules to move past 
one another. (2) The tether, which is a propyl chain coupled to the dimethyl amino azobenzene 
core through an amide group and to the surface through a siloxane network, limits the 
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bend them to pass over one another in order to reorient.  From this study, the importance of the 
intermolecular interactions on the orientation dynamic is addressed. These novel results from 
the prior studies on o-dMR solution and monolayer motivate us to study the effect of the 
intramolecular and intermolecular hydrogen interactions on the thermal relaxation rate and the 
orientation dynamics. 
 
Figure 1.9   The sketch describing the sub-diffusive kinetic of the o-dMR ML:(A) o-dMR 
molecular structure and van der Waals (VDW) surface of the azo core, showing the molecular 
dipole moment (pink, d) and azo core long axis and transition moment (blue, μ). (B) Sketch of 
in-plane structure with an in-plane orientation resulting from incident light polarized along the 
green arrow, p, showing the VDW projections of the molecules onto the surface plane (yellow 
green), the tethers to the surface (cyan), long axis orientation, t. This sketch represents the 
experimental average aerial density. (C,D) Typical reorientation events which, because of the 
tethers, require passage of molecules over one another(63) 
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1.5 Outline 
 
    The goals of this thesis are to investigate how the intra-/ inter- molecular hydrogen 
interactions within/among azo molecules lead to an increase or a decrease of the thermal 
relaxation rate and affects the dynamics of the PIA. The azo molecules with a faster thermal 
relaxation rate due to the smaller barrier energy of the transition state may demonstrate higher 
sensitivity for aligning the LC molecules(64). The azo molecules with less intermolecular 
interactions in a ML may lead to faster dynamics of PIA since the mean barrier heights of the 
ML are reduced. In order to achieve these goals, a few questions should be answered in this 
thesis: 
(1) What kind of intermolecular and intramolecular hydrogen bonding property can facilitate 
the thermal relaxation mechanism in solutions? 
(2) Can we manipulate the thermal relaxation rate by controlling the intermolecular hydrogen 
bonding effect in a ML? 
(3) Does the intermolecular hydrogen bonding influence within a ML affect the dynamics of 
PIA? 
    To answer the questions above, ortho-, meta-, para- derivitized methyl red (o-, p-, m-, dMR) 
and ortho-, meta-, para-, methylated derivitized methyl red (o-, p-, m-, methylated_dMR) were 
synthesized (Fig 1.10). dMR and methylated_dMR have an amino group on one side of the 
phenyl ring and an amide group on the other side of the phenyl ring. This donor-acceptor 
structure of the molecules puts them into the category of pseudostilbenes, which are highly 
sensitive to the solvent effect. The triethoxysilane terminal group enables the molecules to form 
a covalently bonded monolayer on a silica surface, so we are able to study the orientation 
dynamics of the ML. Potentially; o-dMR has intramolecular hydrogen bonding between the 
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hydrogen on the amide and the nitrogen on the azo. Compared to dMR, methylated_dMR has 
the hydrogen on the amide replaced by a methyl group. Thus the intramolecular hydrogen 
bonding is not likely to take place in methylated_dMR.  
 
Figure 1.10   Chemical structures of o-dMR, m-dMR, p-dMR, o-methylated_dMR, m-      
methylated_dMR and p-methylated_dMR: (a) ortho-dMR (o-dMR), 2-((4-
(dimethylamino)phenyl)diazenyl)-N-(3-(triethoxysilyl)-propyl)benzamide (b) meta-dMR (m-dMR), 
3-((4-(dimethylamino)phenyl)diazenyl)-N-(3-(triethoxysilyl)-propyl)benzamide (c) para-dMR 






    To study the intermolecular and intramolecular hydrogen bonding within a molecule and 
between molecules, UV-Vis absorption spectroscopy was utilized. This addressed the 
bathochromic shift that was caused by the intermolecular hydrogen interactions and the 
substituent effect in o-dMR and o-methylated_dMR. The hydrogen bonding effect on the thermal 
relaxation rate was studied through measuring the thermal relaxation rates of o-dMR and o-
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methylated_dMR in chosen organic solvents with specific hydrogen properties. The topologies 
of the electron density of the intermolecular and intramolecular hydrogen bond in o-dMR and o-
methylated surrounded by solvent molecules with specific hydrogen bonding properties were 
modeled using Amsterdam Density Functional (ADF) and quantum theory atoms in molecules 
(QTAIM). The roughness of the o-dMR and o-methylated_dMR was measured through atomic 
force microscopy (AFM) to ensure that the monolayers were smooth to photo-align LC 
molecules. The thicknesses and volume densities of the MLs were obtained by using angle-
resolved X-ray photoelectron spectroscopy (AR-XPS). The UV-Vis absorption spectra of o-,p-
,m-dMR and o-,p-,m-, methylated_dMR MLs were measured. Those spectra were compared to 
the absorption spectra of the corresponding molecules in toluene to study the molecular 
interactions within a monolayer. The thermal relaxation rates of the o-dMR and o-
methylated_dMR ML were measured. The thermal relaxation rates of the MLs were compared 
to the molecules in solvents to construct the possible molecular interactions within a ML. The 
birefringence of the MLs was measured during the thermal relaxation process through a 
polarimeter to study the hydrogen bonding effect on the redistribution of the orientational order. 
Nuclear magnetic resonance spectroscopy was utilized to verify the chemical structure of 
methylated_dMR and dMR molecules. 
    In Chapter 2, I will address the significance and originality of this study. I will also summarize 
the studies that have been done on the thermal relaxation mechanisms of pseudostilbenes, the 
solvent classification that is associated to the hydrogen bonding properties, o-dMR molecules 
and intermolecular and intramolecular hydrogen bonding using QTAIM. In Chapter 3, I will 
describe the procedures of how the molecules and samples were synthesized, handled and 
stored. In Chapter 4, the experimental methods that were used in the study will be explained in 
detail. This includes UV-Vis spectroscopy, devices using for measuring the thermal relaxation 
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rate of the molecules in solvents and their monolayer, quantum mechanics modeling using ADF 
and QTAIM, AFM, AR-XPS and a polarimeter.  In Chapter 5, I will discuss the results of the 
measurements. In Chapter 6, I will summarize the interpretations, present the conclusions, and 
provide suggestions for future work. In Appendix, the details of the synthetic procedure of the 
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CHAPTER 2 
DISCUSSION OF PRIOR WORK 
    High photosensitivity MLs are in demand to make efficient photo-aligned LC cells, nonlinear 
and optical devices. The photosensitivity of the azo ML is determined by the dynamics of PIA. 
Thermal isomerization rate, which is one of the factors to affect the dynamics of PIA, is 
unprecedented highly sensitive to the hydrogen bonding effect in our study. People have been 
studying the intermolecular hydrogen bonding effect on the thermal isomerization rate but not 
yet on the dynamics of PIA. Besides, the intramolecular hydrogen bonding effect on the thermal 
relaxation rate, which is first observed in this study, may have a great influence on the dynamics 
of PIA. Studying the intramolecular/intermolecular hydrogen bonding interaction on the 
dynamics of PIA can help people to design an azo molecule that is even more photosensitive 
and hence improve the efficiency of devices that depend on photo-alignment. 
2.1 Thermal relaxation mechanism of pseudostilbene (push-pull azobenzene) 
        The relaxation mechanisms of azo dyes have been studied for over 60 years(41, 54, 65). 
Scientists discovered two thermal isomerization mechanisms (Fig. 1.6): inversion and 
rotation(32). Through the inversion mechanism, molecules thermally relax with nitrogen 
rehybridizing from sp2 to sp and the nitrogen-nitrogen double bond (N=N) is retained. In the 
rotation mechanism, molecules undergo thermal isomerization through breaking the N=N bond 
into the nitrogen single bond (N-N). For years, researchers have provided evidence of which 
pathway is taken when molecules are undergoing relaxation(32, 33, 38, 42, 45, 66-69).  
However there is still no consensus on how azo molecules thermally relax. Since the increase of 
the thermal relaxation rate leads to the decrease of the barrier energy, studying the thermal 
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relaxation rate in different environments helps researchers to interpret which pathway is taken 
by its barrier energy of the transition state.  In the 1980s, Asano and his co-workers published a 
series of papers discussing the cis-trans thermal relaxation mechanism of pseudostilbenes. The 
solvent effect on the thermal relaxation rate of 4-(dimethylamino)-4’-nitroazobenzene was 
studied. The results show that the logarithm of the thermal relaxation rate of the molecule has 
linear correlation with (ε-1)/(2ε+1), where ε is the dielectric constant of the solvents, when the 
dielectric constant is moderately low  (ε < 10). When the dielectric constant is moderately high 
(ε > 10), the logarithm of the thermal relaxation rate shows an upward deviation from its linear 
correlation to (ε-1)/(2ε+1). (ε-1)/(2ε+1) represents the polarity of the solvents based upon 
Kirkwood-Onsager model(70-72). This model considers solvent molecules as a continuum 
medium and the solute generates a cavity. The solute molecule is treated as a point dipole and 
causes a dipole-induced dipole interaction. Thus, Kamlet el. proposed the idea that the inversion 
and the rotation mechanisms compete with each other. In nonpolar solvents the inversion 
mechanism dominates since it takes less energy to rehybridize the nitrogen orbital than to open 
up the π bond in the azo linkage. The rotation mechanism becomes predominant when solvent-
solute interactions take place to stabilize the dipolar rotational transition state, which decreases 
the barrier energy of the transition state in the rotational mechanism. Both experimental and 
computational studies have shown the same trend(36, 42, 67). Moreover, pseudostilbenes, 
which have push-pull character, display intramolecular charge transfer interactions (Fig. 2.1). 
This induces a resonance structure that also favors the rotation mechanism.  
    The effect of category and position of substituents on the thermal relaxation rate is also an 
important factor(31, 36, 45, 46, 73).  The substituents can be grouped by two main groups: 
electron donating group (electron donor) and electron withdrawing group (electron acceptor). 
The substituents can be put on ortho, meta, and para position. A withdrawing group, such as 
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nitro, in para or ortho positions stabilizes the transition state by its resonance character, which 
decreases the barrier energy of the transition state while the substituents in meta position show 
no effect on the transition state due to their inability to participate in the conjugated π-system. A 
donating group, such as amino, however, has little effect on the thermal relaxation rate 
compared to withdrawing group. Pseudostilbenes usually have an electron donor in the para 
position on one side of the phenyl ring and an electron acceptor in the para position on the other 
side of phenyl ring. Their transition state structure is highly dipolar. With increase of the polarity 
of the solvent, the dipolar transition state is stabilized. Therefore the thermal isomerization rate 
of pseudostilbenes is the most sensitive to the solvent effect compared to other types of 
azobenzenes due to the substituent effect(32, 34, 36, 43, 45). 
 
Figure 2.1   The resonance structure of push-pull azobenzene. An excited transition structure of 
a push-pull azo molecule that is stabilized by its resonance form. A: acceptor substituent. D: 
donor substituent. 
    Furthermore, Schanze and his coworkers reported that 4-(diethylamino)-4’-nitroazobenzene 
(DENAB), which belongs to the pseudostilbene group, has a thermal relaxation rate that is 
affected by hydrogen bonding(33, 67). In this study, they provided evidence that the solvents 
with hydrogen bond donor character interact with the oxygen of the nitro group of DENAB. The 
intermolecular hydrogen interaction between the hydrogens of alcohol groups and the oxygens 
of nitro groups is believed to lower the barrier energy of the transition state by enhancing the 
electron withdrawing ability of the nitro groups. Furthermore the rotation mechanism that is 
facilitated by intramolecular charge-transfer interaction predominates due to the stabilization of 
A-N
ND 
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the “zwitterionic” transition state by the solvent-solute interactions. This lowers the barrier 
energy of the rotational relaxation pathway(36).  
2.2 Solvent classification 
    Since the solvent effect plays such a dominant role in altering the thermal relaxation rate, the 
solvent classification becomes crucial in understanding the solute-solvent interactions(47-53). 
The common scales that are applied to solvents are constructed by either their dielectric 
constant (ε) or the shift of the absorption spectrum that is caused by the solvatochromic effect. 
The dielectric constant of the solvent is used to establish the “polarity”, (ε-1)/(2ε+1). The 
solvatochromic shift of indicator dye molecules in different solvents can be used to establish 
solvent polarity-polarizability (π*)a, hydrogen bond donor acidity (α) and hydrogen bond acceptor 
basicity (β).  The factors that affect the solvatochromic shift include dispersion interaction, 
induction interaction, dipole-dipole interaction, and intermolecular hydrogen interaction.  The first 
three terms are represented by the polarity-polarizability. Instead of simply using polarity that is 
interrelated to the ground state property of the bulk solvent, the polarity/polarizability 
emphasizes the effects at the molecular level(52). The influence of intermolecular hydrogen 
bond interactions on the solvatochromic shift is represented by α and β. α shows the ability of a 
solvent molecule to donate a proton in a solvent-solute hydrogen bond while β shows the ability 
of a solvent molecule to accept a proton in a solvent-solute hydrogen bond(52). 
    α, β and π*, which were constructed by Kamlet and Taft, were obtained by using a linear 
solvation energy relationship (LSER)(74), as shown in Eq. (2.1) 
                                                       𝑋𝑌𝑍 = 𝑋𝑌𝑍! + 𝑠𝜋∗ + 𝑎𝛼 + 𝑏𝛽                                             (2.1) 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
a π* scale was so named because it derived from and best correlated solvatochromic effect on p- 
π* and π-π* electronic spectral transition.   
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where XYZ may represent a reaction rate or a equilibrium constant, or a position or a intensity of 
a spectral absorption. s, a and b coefficients are interpreted as characteristics of a given solute. 
XYZo is the XYZ value for a given solute when the solute is in a specific solvent (α=β=π*=0). α, 
β and π* are the HBD acidity, HBA basicity and polarity/polarizability of a given solvent.  
    To construct the polarity/polarizability of solvents, the wavenumber of the peak value of the 
spectral absorption of p-π* or π-π* transitions of dye molecules in various solvents were 
measured(52). Thus, Eq. (2.1) can be expressed as 
                                       𝜈!"# = 𝜈! + 𝑠𝜋∗ + 𝑎𝛼 + 𝑏𝛽      (103 cm-1 or kKb)                                 (2.2) 
where νmax is the measured wavenumber of the peak absorbance and νo is the wavenumber of 
the peak absorbance when α=β=π*=0. The solvent polarity/polarizability scale (π*) was carefully 
built by excluding the solvents that are able to induce intermolecular hydrogen interaction; thus, 
νmax= νo+s·π* for those non-hydrogen bonding solvents (α=β=0). For building the 
polarity/polarizability of the solvents that may induce the intermolecular hydrogen interactions, 
specific dye molecules, which b=0 and a≈0, were chosen to avoid possible intermolecular 
hydrogen interaction. HBA basicity (β) and HBD acidity (α) scale were constructed by applying 
the solvatochromic comparison method. Three requirements need to be fulfilled(51): (1) a plot of 
corresponding νmax of two molecules of different hydrogen-bonding ability in various solvents. 
The plot should show a linear relationship when the solvents that may induce intermolecular 
hydrogen interaction are excluded; (2) the data points representing the solvents that are 
involved with intermolecular hydrogen interactions should be displaced from the regression line 
by statistically significant amounts; (3) the direction of the displacements should be consistent 
with the chemistry involved.  Besides that, to better construct the α and β scales, the hydrogen 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
b kK is abbreviation of kilo Kayser , which Kayser is a unit of wavenumber. 1 Kayser equals 1 
per centimeter (1 K= 1/cm-1) 
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bonding effects on other spectral properties, equilibria and reaction rates are applied to Eq. (2.1). 
Thus we can use α, β and π* scale and classify the solvents into non-hydrogen-bonding solvents 
(NHB), HBD solvents, HBA solvents and amphiprotic solvents (HBA-D). The NHB solvents do 
not exhibit α and β (α=β=0), such as hexane. HBD solvents have α value but no β value (α≠0, 
β=0), such as trifluoroethanol. HBA solvents have β value but no α value (α=0, β≠0), such as 
dioxane. HBA-D solvents have both α and β (α≠β≠0), such as methanol. 
    The Kamlet-Taft solvent parameter method was adopted by Schanze el. and Macandallis el. 
to study the solvent effect on the thermal relaxation rate(45, 67). In Kamlet-Taft studies, the 
HBA and HBD solvents may interact with the solutes and hence affect the electronic transition 
energy of the solutes. Schanze used this concept in the study of the solvent effect on the 
thermal relaxation rate of 4-(diethylamino)-4’-nitroazobenzene. The data show that the Gibbs 
free energy of activation barrier for thermal relaxation has a linear correlation with π* and α. This 
indicates the transition state is affected by both the polarity effect and the intermolecular 
hydrogen interactions. The other notable finding from one of the series of Kamlet-Taft 
publications is that the intermolecular hydrogen bond between the solvents and the solutes may 
dissociate the intramolecular hydrogen bond of the solutes. In this study, they measured the 
wavenumber of the peak absorbance (νmax) of 2-nitrophenol in NHB and HBA solvents. The 
spectral data show that νmax is a function of both π* and β. π* has a bathochromic effect on the 
absorption spectrum while β has a hypsochromic effect on the absorption spectrum, which 
implies the HBA solvents build intermolecular hydrogen interactions with solutes and break the 
intramolecular hydrogen bond of the solutes, as shown in Fig. 2.2.  This profound concept helps 
to explain some results of the o-dMR solution study, which will be discussed in Chapter 5.  
    Push-pull azo molecules usually have a thermal relaxation rate that is dramatically affected by 
the nature of the solvent. However p-methyl red, which is a push-pull azo molecule, has the 
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same thermal relaxation rate in benzene and acetone. This unexpected result is not clearly 
discussed in the paper(32). According to the Kamlet-Taft solvent classification, acetone, which 
is an HBA solvent, may induce the intermolecular hydrogen bonding and hence alter the thermal 
relaxation rate of p-methyl red. 
 
Figure 2.2   The diagram shows HBA solvent molecule interacting with 2-nitrophenol, which 
leads to dissociation of the intramolecular hydrogen bond by building an intermolecular 
hydrogen bond(74). 
2.3 Prior o-dMR studies 
    o-dMR solutions and MLs have been studied by the members of Liquid Crystal Materials 
Research Center (LCMRC) and the group at Colorado School of Mines (CSM). o-dMR  was first 
successfully synthesize by Eva Korblova at Prof. Dave Walba’s research group at UC-Boulder. 
Youngwoo Yi at CSM and Matt Farrow at CU extensively studied the physical and chemical 
properties of o-dMR and its surface attached monolayers(17,18). They found out that o-dMR 
has a faster thermal relaxation rate than azobenzene molecules do and an unprecedented 
ability in aligning LC molecules, which only 5.4 mJ/cm2 of the illumination dose is needed for 
switching the photo-alignment TN LC cell(17), as shown in Fig. 1.4. It was proposed that a short 
cis lifetime of o-dMR(17) and the surface coverage of the o-dMR ML, which is close to the 
optimal coverage for the trans to cis cycles, contribute to the good performance of the cell. The 
high coverage of the o-dMR ML increases the interactions between o-dMR molecules and LC 
molecules, which enhances the photosensitivity of the cell. The fast thermal relaxation rate of o-
dMR promotes the PIA. 
1738 J. Org. Chem. 1982,47, 1738-1741 
HBA base solvent (constant hypsochromic effect of 
breaking the internal H bond, smallest bathochromic effect 
of forming the H bond to solvent) and smaller AAv terms 
for the stronger HBA solvents. As is seen in Table I and 
Figure 3, how ver, the converse order is obs rv d. We an 
rationalize the results in terms of a 3a 3b equilibrium, 
with the 2-nitrophenol spectrum a composite of bands 
arising from intra- and intermolecularly hydrogen bonded 
species [the separations between v(3a)- and v(3b)- are 
not sufficiently great for the spectrum to show resolution 
into two bands but lead rather to band broadening]. The 
'0 0 
HBA O,H*..o HBA-**H &k ~ &% I 
3a 3b 
equilibrium is only slightly to the right in the weak HBA 
base solvent, anisole, and much farther to the right in 
hexamethylphosphoramide. The farther to the right the 
equilibrium, the greater is the contribution of 3b to the 
composite spectrum and the greater is the hypsochromic 
shift. 
Concluding Remarks. Steric and electronic factors 
ndoubtedly play major r les in the diff rin  hydrogen 
bonding behavior of 2 and 3. Formation of a type-B hy- 
drogen bond to HBA solvents would require that either 
the CHBNH or NOz group of 2 b  twisted from planarity, 
with a consequent decrease in amine - ring - nitro me- 
someric interaction, and a significant loss in delocalization 
energy. Th  greater HBD acidity f 3 co pare  with that
of 2 may also play a part. 
Finally, the relationship between our findings and some 
interesting observations by Dyall and Kemp'O deserve 
mention. These workers found that in weakly basic sol- 
vents N-methyl-2-nitroaniline (4) showed only a single NH 
stretching peak in the IR, which they attributed to the 
internally hydrogen bonded species. In the stronger HBA 
solvents, however, there appeared a low-frequency 
shoulder, which shifted to increasingly lower frequencies 
with increasing solvent HBA basicity (and which they 
resolved graphically into two peaks). In Me2S0 solvent, 
the lower frequency band was actually the stronger of the 
two peaks. 
They did not conclude from this that the intermolecular 
hydrogen bond was broken but rather that the single am- 
ino hydrogen of 4 simultaneously formed an intramolelar 
hydrogen bond to NO2 and an intermolecular hydrogen 
bond to the solvent, i.e., a bifurcated hydrogen bond. To 
accomplish this, they suggested that the CH3NH group of 
4 twists slightly from planarity. 
The findings from the UV-visible and IR spectral 
studies are not necessarily mutually inconsistent. Dyall 
and Kemp's picture would be consistent with the present 
findings if the bathochromic effect of the intermolecular 
portion of the bifurcated hydrogen bond were offset by a 
slight decrease in the bathochromic effect of the (probably 
slightly weaker) internal hydrogen bond, and/or by a 
possible hypsochromic effect of twisting the CH3NH group 
slightly from planarity. 
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Effect of a-Amino Substituents on Rates of Formation of sp2-Hybridized 
Carbanions' 
Jack Hine* and Soonkap Hahn 
Department of Chemistry, The Ohio State University, Columbus, Ohio 43210 
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Kinetics of the sodium methoxide catalyzed deuterium exchange of the methyl esters of N,N-dimethylglycine, 
N-methylproline, isovaleric acid, and cis- and trans-2-methylcyclopentanecarboxylic acid have been studied in 
methanol-0-a' at 35 "C. The results are taken as additional evidence for destabilizing repulsions between unshared 
electron pairs as an important factor in decreasing reactivity in carbanion formation. Such repulsions can be 
minimized by rotation around the bond between the substituent and the carbanion center. 
The effect of a-fluoro and a-alkoxy substituents on rates 
of formation of sp2-hybridized carbanions has been studied 
previously by this research group. Rates of sodium 
methoxide catalyzed deuterium exchange in methanol-0-d 
were determined for methyl esters of fluoroacetic, meth- 
oxyacetic, tetrahydrofuran-2-carboxylic, l,&dioxolane-2- 
carboxylic, and several reference acids.2~~ The results were 
discussed in terms of repulsions between unshared pairs 
of electrons and the electronegativities of fluorine and 
oxygen as well as simple steric and polar effects. Amino 
substituents differ from fluoro and alkoxy substituents in 
that they have only one unshared pair of electrons. Hence 
an a-amino substituent on a carbanion can orient itself (if 
rotation around the bond joining it to the carbanion system 
is feasible) so that all its unshared electrons are in an 
(1) (a) Supported in part by Grant CHE 79 26319 from the National 
Science Foundation. Part 23 in the series 'Structural Effects on Rates 
and Equilibria". (b) For part 22, see Hme, J.; Linden, S.-M. J. Org. Chem. 
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   Joseph Dahdah also studied the optical properties of the photo-mechanical o-dMR monolayer 
at CSM.(28) He obtained photochemical information about o-dMR in solution, such as the 
quantum yield ratios, the cross-sections and the thermal relaxation time constant. He reported 
that the thermal relaxation time constant of the o-dMR ML is much longer than when it is in 
solutions, and suggested that it is due to the complex molecular interactions in the ML. Also the 
broadening of UV-Vis absorption spectrum of the o-dMR ML compared to o-dMR in toluene 
supports the suggestion. Based upon the information from the solution and ML study, he 
constructed a model to express the optical susceptibility of the o-dMR ML and tested it as a 
function of the surface coverage. The result shows that as the surface coverage decreases, the 
thermal relaxation rate increases. Eventually the thermal relaxation rate of the o-dMR ML 
approaches the thermal relaxation rate of o-dMR in toluene, when the o-dMR ML has the 
smallest coverage. This suggests the presence of a mean molecular field in o-dMR ML, which 
affects the dynamics of the photo-orientation. 
    In Guanjiu Fang’s thesis at UC-Boulder, he studied the orientation dynamics of the o-dMR ML 
in three different experiments, photo-writing, photo-erasing and thermal relaxation, using a high 
extinction polarimeter(19, 76). Photo writing is the process of creation an oriented distribution 
within the o-dMR ML while photo-erasing and thermal relaxation involves the removal of an 
oriented distribution within the o-dMR ML. In the photo-writing experiment, he used linearly 
polarized light (LPL), as a pump beam, to photo-align the o-dMR ML while probing the phase 
shift of the ML with a laser beam. The phase shift of the ML, which represents the birefringence 
of the ML, was studied with respect to different experimental conditions, such as the intensity of 
the LPL and the initial relaxation condition of the ML. The phase shift is proportional to the 
birefringence of the ML, which represents the magnitude of the anisotropy. Two initial relaxation 
conditions of the o-dMR ML were studied for their influence on the initial writing rate; one was 
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thermally randomized and another one was randomized by circularly polarized light (CPL). He 
observed that the o-dMR ML that was thermally randomized had a faster initial writing rate 
compared to the one that was randomized by a CPL. Compare to the CPL-driven randomized o-
dMR ML, the thermal randomized o-dMR ML has a higher fraction of trans isomers. Thus he 
presumed that the fraction of the trans isomers influences the orientation dynamics. To prove 
that, he repeated the same experiment on the derivitized disperse red one ML (dDR1-ML) which 
has a much smaller thermal relaxation time constant.(77) Since the thermal relaxation time 
constant of dDR1 is small, the fraction of cis isomers in a thermally randomized ML is expected 
to be the same as in the CPL-driven randomized ML. The result shows that the orientation 
dynamics of the thermal randomized dDR1-ML and the CPL-driven randomized dDR1-ML were 
identical. Therefore he concluded that the photo-writing dynamics is affected by the fraction of 
the trans isomers. In addition to studying the photo-writing dynamics, he also investigated the 
re-orientation dynamics. The o-dMR ML was photo-written by LPL at 45° with respect to the 
polarizer of the probe beam and then the other LPL was set at -45° on this aligned surface to 
reorient it.  The result showed that the longer the initial writing time was, the slower the 
subsequent reorientation would be(14, 19). The same phenomenon was observed in both 
photo-erasing and thermal relaxation of the ML. He concluded that the distribution of the free 
volume between the molecules in a ML was modified by exposure to light, which affects the 
photoisomerization and thermal relaxation rate. So the longer initial writing time leads to a small 
free volume among the molecules in a ML, which causes the slower reorientation rate. 
    In Yi’s recent paper, he investigated the effect of population of the cis isomers on the PIA(64). 
LPL was used to generate the photo-induced anisotropy of the o-dMR monolayers that were 
initially thermal randomized or CPL-randomized. He measured the birefringence of these photo-
induced anisotropic o-dMR monolayers. The result showed that the thermally randomized o-
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dMR monolayer develops anisotropy faster than the CPL-driven randomized one. The CPL-
driven randomized monolayer had a larger population of cis isomers than the thermal 
randomized one did since the former one was randomized mainly through the trans to cis 
photoisomerization and the latter one was randomized through the cis to trans thermal 
relaxation. The thermally randomized o-dMR ML represents a cis-free condition while the CPL-
driven randomized o-dMR ML represents a cis-rich condition. Thus he concluded that the 
population of the cis isomers is significant during photo-writing process. He also proposes that 
the azo molecule with the fastest thermal isomerization rate should have the most 
photosensitive monolayer.  
2.4 Studies of hydrogen bond using Quantum Theory of Atoms in Molecules (QTAIM) 
    Quantum theory/chemistry of atoms in molecules (QTAIM) was first developed by Richard 
Bader in 1985(78). Through QTAIM a molecule can be described through the topology of the 
electron density distribution. If the electron density, ρ(

r ), has a maximum, minimum or saddle 
there will be a critical point (cp), at that position denoted by the coordinate 






The cp is labeled by the number of its nonzero curvatures in three dimensions, denoted by ω, 
and the sum of its algebraic signs of nonzero curvatures, denoted by σ. So a cp can be 
represented as (ω, σ). A cp usually has ω=3, and there are only four types of cp when ω=3. 
They are(79)                                                                                                                                                             
(3, +3): All curvatures are positive and ρ(

rc ) is a local minimum.                                                   
(3, -1): Two curvatures are negative and ρ(

rc ) is a maximum in the plane defined by the two 
associated axes. The third curvature is positive and ρ(

rc ) is a minimum along the axis 
perpendicular to this plane.                                                                                                           
(3, +1): Two curvatures are positive and ρ(

rc ) is a minimum in the plane defined by the two 
associated axes. The third curvature is negative and ρ(

rc ) is a maximum along the axis 
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perpendicular to this plane.                                                                                                            
(3, -3) All curvatures are negative and ρ(

rc ) is a local maximum. 
    Let us consider the correlation between cps and the structure of a molecule. We always can 
find (3, -3) cp at the position at the center of an atom. There is no doubt that the electron density 
of a nucleus is a local maximum in all directions. The (3, -1) cp is always found between two 
nuclei and these two nuclei are linked by a pair of trajectories of 

∇ ρ. These specific trajectors 
that connect the (3, -1) cp to the nucleus are referred to as an “ atomic interaction line”. The 
electron density is a maximum at this cp for directions perpendicular to this line. Thus, when (3, 
-1) cp is observed, it indicates electron accumulation between two nuclei that are linked by the 
associated atomic interaction line. The electron accumulation between a pair of nuclei is a 
necessary condition for two atoms to be bonded to one another. Therefore, (3, -1) cp is referred 
as a bond critical point and the atomic interaction line linked to both atoms is called a bond path. 
(3, +1) cp and (3, +3) cp represent a so-called ring point and cage point, respectively. A ring 
point is found in an interior of a ring of atoms when the bond paths arrange to form a well 
bonded ring of atoms. The ring surface is defined as the plane that is formed by the axes of 
positive curvatures of the ring point. The electron density is maximum at this cp for the direction 
perpendicular to the defined ring surface. A cage point, (3,+3) cp, is found in the interior of a 
cage of atoms when the ring surfaces enclose the interior of a molecule. Fig. 2.3 (a)&(b) is a 
contour plot of electron density for cubane (C8H8) in the plane defined by the atoms and bond 
points, respectively. From Fig. 2.3 (a), the carbons have a local maximum and are (3, -3) cps. 
The red dots, which are (3, -1) cps, are critical bond points. They are associated with a local 
minimum along the bond path that links two carbons  (Fig. 2.3 (a)) and a local maximum in the 
plane perpendicular to the bond path (Fig. 2.3 (b)). The green dots, which are (3, +1) cps, are 
the ring points. They are in the interior of rings that are composed of four bond paths in each 
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ring. They are a local minimum in the ring surface (Fig. 2.3 (a)) and a local maximum along the 
axis perpendicular to the ring surface (Fig. 2.3 (b)). The blue dot in Fig. 2.3(b), which is a (3, +3) 
cp, is the cage point. The cage point is in the interior of the cage that is composed of six rings 
and it is a local minimum in all directions. In QTAIM, the Laplacian of the electron density at 
critical bond point is classified into two types: (1) ρ(





rc ) < 0. 
(2) ρ(





rc ) > 0. In a covalent bond, which is a shared interaction, 
electron density is both accumulated and concentrated along the bond path between the nuclei, 
thus 2∇ ρ(

rc ) < 0. In a hydrogen bond or a van der Waals interaction, through which two closed-
shell systems interact, electron density is reduced in the region of contact of these two atoms 
due to the requirement of the Pauli exclusion principle, which leads to 2∇ ρ(

rc ) > 0. 
    QTAIM has been widely used to study the intermolecular and intramolecular hydrogen 
bond(80-86). Kosh and Popelier characterized the C-H···O hydrogen bond on the basis of 
electron density. They proposed eight criteria for hydrogen bonding. The most important and 
necessary ones are the topology, the electron density and the Laplacian at the critical bond 
point. The critical bond point has to be located between the hydrogen atom and the acceptor 
atom. The concomitant bond path needs to link these two atoms. The electron density at the 
critical point usually lies between 0.002-0.034 au depending on the type of the hydrogen bond. 
The Laplacian at the critical bond point is necessary to be positive and lies between 0.024-0.139 
au. Madsen and his coworkers studied benzoylacetone in order to understand the keto-enol 
system by using QTAIM and very low temperature X-ray diffraction(84). The topology analysis 
showed that ρ(

rc ) of the keto-enol intramolecular bond is much larger than usual hydrogen bond 
and 2∇ ρ(

rc ) < 0. This indicated that the intramolecular hydrogen bond is partially covalent, 
which is consistent with the result they obtained from the X- ray study. Grabowski constructed a 
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new parameter that correlates well with the hydrogen-bond energy by using the topological 
properties obtained from QTAIM(82).  
 
Figure 2.3   The contour plot of the electron density for a cubance molecule. (a) The contour plot 
of the electron density for a cubane (C8H8) in the plane defined by the four carbons. The Four 
biggest balls are the carbon atoms, the white balls are the hydrogen atoms, the red dots are the 
bond critical points and the green dot is the ring point. The lines that are connected the atoms 
are the bond paths. (b) The contour plot of the electron density for a cubane (C8H8) in the plane 
defined by the four critical bond points (red dots). The eight black balls are the carbon atoms, 
the eight white balls are the hydrogen atoms, the red dots are the critical pond points, the green 
dots are the ring points, and the blue point is the cage point. The lines that are connected the 
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CHAPTER 3 
SYNTHESIS, PREPARATION, HEANDING AND STORAGE OF CHEMICALS AND SAMPLES 
    In this chapter, I will describe how the dMR and methylated_dMR molecules were 
synthesized, handled and stored. All the dMR and methylated_dMR molecules that were used in 
this thesis were synthesized by Jan Porada who is a member of the LCMRC working in Prof. 
Dave Walba’s research group at UC-Boulder. Since the azo molecules are prone to photo-
degrade in the solid state form(17), storage and handling must be done carefully. I will also 
introduce the procedures for preparing dMR and methylated_dMR solutions which were used in 
the solution studies of measuring UV-Vis absorption spectra and thermal relaxation rates. 
Additionally, since we aim to study the hydrogen bonding effect on the thermal relaxation 
mechanism, the solvents and solutions were stored and handled carefully to minimizing the 
incorporation of water from air. Also the procedures of preparing the dMR and methylated_dMR 
ML for the monolayer studies of roughness, thicknesses, volume densities, UV-Vis absorption 
spectra, and thermal relaxation rates will be described. I will also introduce how the dMR and 
methylated_dMR cells that were used in the study of the orientation dynamic were made. 
3.1 Synthetic procedures of dMR and methylated_dMR molecules 
    The procedures of synthesizing o-dMR, p-dMR and m-dMR were first developed by Eva 
Korblova at UC-Boulder. Jan Porada repeated the synthetic procedures and developed 
procedures to synthesize methylated_dMR molecules. o-dMR and o-methylated_dMR were 
synthesized through Dicyclohexylcarbodiimide (DCC) coupling of commercial Methyl Red (2-MR) 
with commercial 3-Aminopropyltriethoxysilane and N-methyl-3-aminopropyltriethoxysilane, 
respectively. N-methyl-3-aminopropyltriethoxysilane was synthesized from commercial N-
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methyl-3-aminopropyltrimethoxysilane by an exchange reaction. m-dMR and m-
methylated_dMR were synthesized through DCC coupling of 3-MR with commercial 3-
Aminopropyltriethoxysilane and N-methyl-3-aminopropyltriethoxysilane, respectively. 3-MR were 
synthesized from N,N’-Dimethylaniline and the corresponding Aminobenzoic acid. p-dMR and p-
methylated_dMR were synthesized through DCC coupling of 4-MR with commercial 3-
Aminopropyltriethoxysilane and N-methyl-3-aminopropyltriethoxysilane, respectively. 4-MR were 
synthesized from N,N’-Dimethylaniline and the corresponding Aminobenzoic acid. The details of 
the synthetic procedures and NMR results of the corresponding molecules were included from 
the Appendix. After the molecules were synthesized, they were stored in the brown bottles. The 
bottles were stored in a desiccated chamber purge with nitrogen gas. 
3.2 Sample preparation for solution study  
    All the glassware that was used in the solution experiments, except the cuvettes, was cleaned 
with Alconox detergent and then placed in a base bath (KOH dissolved in isopropanol) overnight. 
Subsequently the glassware was rinsed with de-ionized (DI) water and isopropanol several 
times and blown dry with high purity nitrogen gas. Then the glassware was rinsed with the 
specific solvent that was going to be used in the particular solutions. The quartz cuvettes that 
were used in the UV-Vis absorption measurements and thermal relaxation experiments were 
soaked in Pranha solution (1:1 concentrated sulfuric acid to 30% hydrogen peroxide solution) for 
an hour. Subsequently the cuvettes were rinsed with DI water several times to ensure no 
residual solution and blown dry with high purity nitrogen gas. Isopropanol and the corresponding 
solvent that was going to be used in the measurement were used to rinse the cuvettes 
repeatedly and following by drying with high purity nitrogen gas.  
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    The concentration of the solutions that were used for UV-Vis absorption measurement and 
the thermal relaxation experiment was 5×10-5 M. All the solvents that were used to create the 
solutions are anhydrous. A gas-tight glass syringe was used to extract the solvents from the 
bottles through a rubber seal and solvent bottles were filled with argon gas after being used. 
The solutes are dMR and methylated_dMR molecules and they were carefully handled and 
stored as mentioned earlier. The prepared solutions were stored in flasks with rubber sleeve 
stoppers and the flasks were wrapped with aluminum foil to avoid photoisomerization. The 
flasks were filled with argon. The syringe was used to obtain the solutions from the flasks and 
the flasks were refilled with argon gas after the solutions were taken out from the flasks. 
3.3 Sample preparation for monolayer study 
    The dMR and methylated_dMR were chemisorbed on a silica surface to form a ML. The 
procedures were developed by Youngwoo Yi(17). The molecules were deposited on glass slides 
for most of the ML experiment, except the AR-XPS study. For AR-XPS study, the molecules 
were deposited on silicon wafers due to the need for a conductive substrate. The preparation of 
the chemisorbed ML involves the reaction of the alkylsilane derivatives with a hydroxylated 
surface(87). When the molecules were dissolved in organic solvents, such as toluene in this 
thesis, the ethoxy tails of the molecules hydrolyzed into the hydroxyl groups. The hydroxyl 
groups of the molecules react with the hydroxylated surfaces and other hydroxyl groups of the 
molecules through the condensation of water. This leads to a polysiloxane network, which 
covalently anchors the ML. We followed the procedures developed by Youngwoo Yi. Two 
substrates were used in this thesis: glass slides and silicon wafers.  For the glass slides, the 
glass slides were cleaned with Alconox detergent and rinsed with DI water. Subsequently, the 
glass slides were soaked into Paranha solution for an hour. Then they were rinsed with DI water 
and dried with high purity nitrogen gas. For the silicon wafers, they were cleaned with acetone 
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and dried with high purity nitrogen gas. Then the wafers were UV-ozone treated for 15 minutes. 
All the glassware that was used to handle or stored the solutions for the monolayer deposition 
were cleaned using the procedures that were described in the solution experiment.  The 
molecules were dissolved in HPLC grade toluene to make 8×10-3 M solution. The solution was 
heated to 45°C in a water bath. Two drops of n-butylamine were being added to the heated 
solution when we placed the pre-cleaned substrate into the solution. The substrate was 
immersed into this solution for 90 minutes. It was then rinsed with toluene several times and 
blown dry with high purity nitrogen gas and baked at 100°C for an hour to complete the 
polmerization. The samples were stored in a dark sample in a desiccated chamber purged with 
nitrogen gas. 
    The silicon nitride sample that was used as a reference sample in XPS was purchased from 
Electron Microscopy Science. The silicon nitride film, which its thickness is 50 nm, is supported 
by a silicon substrate.  
3.4 Sample preparation for birefringence study 
    The sample that was used in the birefringence study was made of two glass slides coated 
with the ML, as shown in Fig. 3.1. The glass slides coated with azo ML were prepared by using 
the procedures in Chapter 3.3. A few drops of Paranha solution were used to remove the azo 
ML from one side of the glass. Then the slides were wrapped with aluminum foil and transferred 
to a glove box. The following procedures were done in the glove box that was purged with 
nitrogen continuously. The slides were kept in the glove box overnight before assembling the 
sample. 20 μm spacers were mixed with epoxy and were used to seal the periphery of the 
sample. The sample was stored in a dark sample box in the glove box until it was needed for 
the birefringence experiment. 
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Figure 3.1   The structure diagram of azo-ML sample. The sample was sealed in a glove box 


















    In this chapter, I will introduce the equipment and methods that were used to generate and 
interpret data. UV-Vis absorption spectroscopy was utilized in two experiments: (1) the study of 
the solvatochromic effect on solutions and MLs. and (2) The measurement of the thermal 
relaxation rate of ML. A locally assembled device for measuring the thermal relaxation rate of 
the solutions will be presented and also how we handled the data. The theory of quantum 
mechanics atoms in molecules (QTAIM) that was used to study the hydrogen bonding effect on 
the molecules will be described. Roughness of the MLs was measured by using an atomic force 
microscope (AFM). Thickness and volume density of the MLs were obtained through angle-
resolved X-ray photoelectron spectroscopy (AR-XPS) and I will explain how the data were 
processed. The measurement of ML birefringence, which was used to study the orientation 
dynamics of the ML, was performed with a polarimeter that was built by Guanjiu Fang in UC-
Boulder. 
4.1 Solution experiment 
    The methods included in the solvent study are the UV-Vis absorption spectroscopy, device for 
measuring the thermal relaxation in various solvents, and the study of topology of electron 
density using QTAIM. 
4.1.1 UV-Vis absorption spectroscopy 
    The UV-Vis absorption spectra of dMR and methylated_dMR in solutions were measured 
through a commercial spectrometer (CARY 5G UV-Vis-NIR). Quartz cuvettes were used to hold 
the solutions. They were placed in the chamber for 5 minutes prior o the experiments to ensure 
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that the molecules totally relax. The measurement was taken in the range from 350 nm to 650 
nm.  
4.1.2 Measurement of thermal relaxation rate 
    To measure the rapid thermal relaxation of molecules, it requires a system that can collect 
data fast enough. We built a probe-pump system based upon Rau and Fischer method(39, 40). 
Fig. 4.1 shows the scheme of the thermal relaxation measurement system. The pump source is 
OSRAM HBO 100W Hg lamp and the light was collimated and filtered to provide an excitation 
wavelength at 436 nm. The intensity of the pumping source was high enough to build a 
photostationary state for most solutions. The probing beam originated with an Ocean Optics LS-
1 tungsten halogen lamp. The light was filtered with 10% and 30% transmitting neutral density 
filters to avoid perturbing the trans-cis population ratio. The spectrum of light transmitted through 
the cuvette was processed by a computer-controlled Ocean Optics S2000 spectrophotometer. 
For those solvents that cause rapid thermal relaxation of the molecules, the spectrophotometer 
was set to collect data every 3 milliseconds.  
    The solution was contained in a quartz cuvette with a Teflon stir bar to provide a 
homogeneous mixing during the experiment. A cap covered the open end of the cuvette to avoid 
evaporation during the measurement. The solutions were probed for 5 minutes before being 
pumped. The intensity of the probing beam was examined to ensure the solutions were thermal 
relaxed. Then the solutions were pumped till a photostationary state was achieved. This took 
from 5 to 30 minutes, depending on the solvents. Once the photostationary state was built, the 
pumping light was blocked with a mechanical shutter to let the solutions thermal relax. 
Simultaneously the intensity of the probing light that passed through the solutions was recorded.  
    The principle of how the absorbance was obtain is derived from the Beer-Lambert law, 
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                                                              𝐴 = 𝜎 ∙ 𝑙 ∙ 𝑛                                                                   (4.1) 
where A is the absorbance, σ is absorption cross section, l is the path length and n is the 
volume number density of the absorbing molecules in the solution. In terms of azobenzene 
molecules, cis and trans isomers have different absorption cross sections. Thus the thermal 
relaxation rate can be calculated by measuring the change of the absorbance. Fig. 4.2 shows an 
example of the absorption spectra of o-dMR in dark and in the photostationary state(28). 
    The absorbance depends on both cis and trans isomers, so we can rewrite Eq. (4.1) as 
                  𝐴 𝑡 = 𝜎! ∙ 𝑙 ∙ 𝑁! 𝑡 + 𝜎! ∙ 𝑙 ∙ 𝑁! 𝑡 = 𝑙 ∙ 𝑁! ∙ [𝜎! + 𝜎! − 𝜎! ∙ 𝜌! 𝑡 ]                            (4.2) 
where  
                                                           𝑁! = 𝑁! 𝑡 + 𝑁!(𝑡)                                                          (4.3) 
                                                               𝜌! 𝑡 =
!!(!)
!!
                                                                (4.4) 
where A(t) is the absorbance of the solution as a function of time, l is the path length, No is the 
number density of all dye molecules and ρc(t) is the ratio of cis isomers as a function of time. 
Nc(t) and Nt(t) are the number densities of the cis and trans isomers as a functions of time, 
respectively. σc and σt are the absorption cross sections of cis and trans isomers, respectively. 
At the photostationary state, we can rewrite Eq. (4.2) as 
                                                        𝐴!"" = 𝑙 ∙ 𝑁! ∙ [𝜎! + 𝜎! − 𝜎! ∙ 𝜌!""]                                    (4.5) 
where Apss is the absorbance at photostationary state and the ρpss is the ratio of cis isomers at 
the photostationary state.  When the molecules were totally thermal relaxed, we assume that 
only trans isomers exist. Thus, 
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                                                          𝐴! = 𝜎! ∙ 𝑙 ∙ 𝑁!                                                                   (4.6) 
 Combining Eq.(4.2), (4.5) and (4.6),  we can get 




                                                                (4.7) 
Comparing Eq. (4.7) to Eq. (1.29), we can get 




!!                                                                 (4.8) 
Thus, through absorbance measurements and by using Eq. (4.8), we are able to determine τ2, 
the thermal relaxation rate of the cis isomers in different solvent and also in monolayer. 
 
Figure 4.1   Scheme of the device for measuring thermal relaxation rate 
4.1.3 Quantum mechanical modeling study  
   The calculations using the program, Amsterdam Density Functional (ADF), were done by Tim 
Wilson in Dr. Eberhart’s group at CSM. o-dMR and o-methylated_dMR molecules in vacuum 
and in solvents (toluene, methanol and acetone) were modeled using density functional theory 
(DFT) single-point with a DZP basis set (double-zeta with polarization functions). The exchange-
correlation used in these self-consistency field calculations employed the local density  
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Figure 4.2   The absorption spectra of o-dMR in a dark and in a photostationary state. o-dMR 
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approximation. The geometry optimizations were run using density functional tight-binding, with 
Fermi occupation. The results were interpreted by using QTAIM. 
4.2 Monolayer experiment 
    The methods included in the monolayer study are atomic force microscopy, angle-resolved x-
ray photoelectron spectroscopy, UV-Vis absorption spectroscopy, a device for measuring the 
thermal relaxation rate of MLs, and a polarimeter that was used to study the birefringence of 
MLs. 
4.2.1 Atomic force microscopy (AFM) 
    The morphology of o-dMR and o-methylated_dMR ML were obtained through atomic force 
microscopy (AFM) by Tom Brenner and Erich Meinig from CSM. The instrument was a Bruker 
Nanoscope III multimode AFM. The tapping mode was used since the ML was made of soft 
materials. A piranha-cleaned glass slide, o-dMR and o-methylated_dMR ML on glass were 
compared. The samples were cleaned with acetone and dry with nitrogen gas before the 
measurement. 
4.2.2 Angle resolved X-ray photoelectron spectroscopy (AR-XPS) 
    The thickness and the volume density of the o-dMR and o-methylated_dMR ML were 
obtained by angle resolved X-ray photoelectron spectroscopy. The measurements were done by 
Prof. Tim Ohno at CSM. The Kratos S spectrometer used 130W monochromatic Al Kα radiation. 
A hemispherical analyzer with 5 electron multipliers for parallel detection was calibrated to Ag 
3d5/2 peak. The pressure of the analysis chamber was kept around 2×10-10 Torr during the 
analysis. The o-dMR ML, o-methylated_dMR, silicon wafer and silicon nitride reference sample 
were rinsed with methanol before the measurement. The silicon wafer and silicon nitride were 
sputtered by argon gun for different durations and ion energy to remove surface contamination.  
All of the data presented in this thesis were obtained under the electrostatic mode with the pass 
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energy of 80 eV (electrostatic 80 eV). This has a lower energy resolution, but collects from a 
small solid angle.  Some scans were measured at higher resolution for curve fitting.  The o-dMR 
ML was measured at two take-off angles, 0° and 60° and the o-methylated_dMR ML was 
measured at four take-off angles, 0°, 30°, 60° and 70°. The silicon wafer and silicon nitride 
sample were measured at normal incidence, 0°.  Data analysis used constrained symmetric 
Gaussian-Lorentzian lineshapes, with known spin-orbit energy separations and branching ratios, 
with a Shirley background.  A transmission function correction, including the effect of mean free 
path, is included in the data file, and correctly accounted for in the CASAXPS software.  Scofield 
photoionization cross sections are used for all peaks. 
4.2.3 UV-Vis absorption spectroscopy 
    The UV-Vis absorption spectra of dMR and methylated_dMR ML were measured through the 
spectrometer (CARY 5G UV-Vis-NIR). A piranha-cleaned glass slide was measured as a 
background. The MLs were placed into the dark chamber for 5 minutes before we started the 
measurement. To do so, we can ensure that the MLs were totally relaxed.   
4.2.4 Measurement of thermal relaxation rate 
    The measurement of thermal relaxation rate of MLs was obtained by using the spectrometer 
(CARY 5G UV-Vis-NIR) with a home-built illuminator, as shown in Fig. 4.3 (a). Three “pink” LED 
light sources were used to pump the molecules on the ML, as shown in Fig. 4.3 (b). The pink 
LED provided three wavelengths at 449nm, 632nm and 660nm, as shown in Fig. 4.4. The 
intensity of the wavelength at 449 nm, which pumps the molecules from trans to cis isomers, is 
2.5 mW/cm2. Two tubes were arranged to provide nitrogen purge directly on both sides of the 
sample to prevent photo-degradation during the experiment(17, 19, 28). The sample was 
purged with nitrogen during the illumination and relaxation.  
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    A piranha-cleaned glass slide was measured as a background. The o-dMR and o-
methylated_dMR sample was placed into the chamber for 5 minutes before the measurement to 
ensure the molecules were totally relaxed. Subsequently, the sample was illuminated by the 
pink LED light for 5 minutes to achieve a photostationary state. Once the photostationary state 
was built, the pink LED light was turned off. Then the absorbance at a fixed wavelength was 
collected manually every minute till the molecules were totally relaxed. The absorption spectra 
of the sample before and after illumination were identical; thus, we are sure that the sample did 
not photo-degrade during the illumination. The thermal relaxation time (τ2) of the ML was 
calculated by using Eq. (4.8). 
 
Figure 4.3   Sketch of the device for measuring thermal relaxation rate of the ML. (a) The hand-
made compartment in spectrometer chamber to provide pumping light source. The front and 
back of the sample was directly purged with nitrogen on the surface. (b) Three pink LED light 
bulbs installed on the LED holder with certain tilt angle to focus the light on the sample. We can 
represent an incident beam of light with a polarization state by using Jones matrix algebra. The 
Jones vector is 
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Figure 4.4   The wavelengths of the pink LED light source. 
4.2.5 Polarimeter used for measuring the birefringence 
    The birefringence of the o-dMR and o-methylated_dMR ML was measured through a home-
built polarimeter (Fig. 4.5) by Yue Shi from UC-Boulder. The sample was placed between a 
crossed polarizer and analyzer. A probe beam with a wavelength at 632.8 nm measured the 
transmission of the sample. A linearly polarized light with a wavelength at 532 nm was used as 
a pump beam to photo-write the ML. A circularly polarized light with a wavelength at 532 nm 
was used as another pump light to photo-erase the photo-aligned ML. An optical fiber sent the 
transmitted probe light to a photomultiplier tube (PMT) and the signal was processed by a 
computer.  
     Before the measurement was started, we needed to align the probe beam and pump beam 
to overlap in the center of both beams. The probe beam has to couple well into the optical fiber. 
The sample usually deviates the probe beam; thus, it is necessary to check the coupling effect 
after the sample is inserted. After the sample is placed on the sample holder, the sample holder 
is adjusted to make the surface of the sample perpendicular to the probe beam. The sample 
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was moved around to look for a minimum birefringence since the birefringence of the ML is so 
small that the signal can be masked by the strain-induced birefringence of the glass slides. 
Finally, the measurement of the transmission can be started. 
    The LPL was set to photo-write the ML oriented 45° with respect to the polarization of the 
probe beam. The transmission of the ML with the optic axis at 45° with respect to the crossed 
polarizer can be expressed as  




)                                                     (4.9) 
where Io and λ are the intensity and wavelength of the incident probe beam, respectively, and 
Δn and d are the birefringence and the thickness of the ML, respectively. I is the intensity of the 
probe beam that passed through the sample. Since the phase shift of the ML (Δnd≈0.1 nm) is 
extremely small compared to the wavelength of the incident beam (λ=632 nm), Eq. (4.9) can be 
rewritten as 
                                                                       𝑇 = (!!!"
!
)!                                                       (4.10) 
From Eq. (4.10), we can obtain phase shift of the ML as  
                                                                       Δ𝑛𝑑 = !
!
   𝑇                                                       (4.11) 
In this experiment, Io was measured (Io=1.023 × 1010). The orientational order parameter in 2-D 
dimension is proportional to the birefringence(88), thus measuring phase shift of the MLs 
enables us to study the orientation dynamics of the molecules in the MLs. 
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CHAPTER 5 
RESULTS AND DISCUSSION 
    This chapter was divided into two main parts: solution and ML. The solution study obtained 
the basic information of how the molecules interacted with the solvent molecules that exhibit 
hydrogen-bonding properties. The quantum mechanic modeling of the molecules interacting 
with NHB, HBA and HBD solvent molecules confirmed intramolecular and intermolecular 
hydrogen bonding effect. By having the primitive knowledge of the hydrogen bonding effect on 
the molecules in solutions, the ML study provided the understanding of how molecules possibly 
interact within an ML.  
    I will first discuss the substituent effect on dMR and methylated dMR molecules by studying 
their electronic states in toluene. The existence of intramolecular and intermolecular hydrogen 
bonding of o-dMR and o-methylated_dMR molecules will be examined by analyzing their 
absorption spectra in the chosen solvents with specific hydrogen-bonding properties. Then the 
hydrogen bonding effect on the cis-trans thermal relaxation rate of the o-dMR and o-
methylated_dMR in the solutions will be discussed. By understanding the role of hydrogen 
bonding playing in the thermal relaxation rate in the solutions, it helps us to construct the 
concept of how the molecular interactions may possibly take place within a ML. The topology of 
the electron density of intramolecular and intermolecular hydrogen bond in o-dMR and o-
methylated_dMR when they are surrounded by different hydrogen-property environments will be 
discussed. Through the solvent study, we can develop an understanding of the hydrogen 
bonding effect on the cis to trans thermal relaxation rate. 
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    In the second part, I will include the results of roughness, thickness and volume density of the 
o-dMR and o-methylated_dMR ML. The UV-Vis absorption spectra of the dMR and 
methylated_dMR ML will be studied to construct how molecular interactions may occur within an 
ML. The cis-trans thermal relaxation rate of the o-dMR and o-methylated_dMR ML will be 
determined. By comparing the thermal relaxation rate in the solvents and of the ML, we may 
envision how intermolecular hydrogen bonding interactions take place within an ML. The 
dynamic of redistribution of the orientational order in both MLs will be investigated by measuring 
the phase shift during the thermal relaxation process of the MLs.  
5.1 Solvent study 
    To simulate intramolecular and intermolecular hydrogen interactions in solutions, various 
organic solvents were chosen, as shown in Table 5.1. These organic solvents were chosen 
based upon the hydrogen-bonding properties: NHB, HBD and HBA.  The absorption spectra of 
dMR and methylated_dMR molecules were measured in toluene to understand the difference of 
dMR and methylated_dMR in nature caused by the substituent effect. The absorption spectra of 
o-dMR and o-methylated_dMR in various organic solvents were measured and applied to the 
linear solvation free energy relationship (LSER) model. The cis-trans thermal relaxation rate of 
o-dMR and o-methylated_dMR in various solvents with specific hydrogen-bonding properties 
was measured and correlated to the LSER model.  
Table 5.1   Hydrogen-bonding properties of the organic solvents(51-53) 
Solvents 
Hydrogen bonding 
Properties π α β 
n-hexane NHB -0.081 N/A N/A 
tetrachloroethylene NHB-HBA 0.277 N/A N/A 
n-butyl chloride NHB 0.398 N/A N/A 
toluene NHB 0.535 N/A N/A 
acetonitrile NHB-HBD 0.713 N/A N/A 
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Table 5.1   Hydrogen-bonding properties of the organic solvents (continued) (51-53) 
methylene chloride NHB 0.802 N/A N/A 
diethyl ether HBA 0.273 N/A 0.514 
ethyl acetate HBA 0.545 N/A 0.481 
dioxane HBA 0.553 N/A 0.386 
anisole HBA 0.734 N/A 0.247 
dimethyl silfoxide HBA 1 N/A 0.743 
ethanol HBA-HBD 0.54 0.85	   0.77 
methanol HBA-HBD 0.586 0.99	   0.62 
benzyl alcohol HBA-HBD 0.98 0.43	   0.56 
 
5.1.1 UV-VIS absorption spectra 
    The absorption spectra of o-dMR and o-methylated_dMR in toluene were taken with Cary II 
UV-Vis spectrometer. The absorption spectrum of o-methylated_dMR in toluene shifts to a 
shorter wavelength compared to o-dMR in toluene, as shown in Fig. 5.1. This is mainly caused 
by the substituent effect. Both dMR and methylated_dMR has an amino group (electron 
donating) on one side of the ring and an amide group (electron withdrawing) ion the other side 
of the ring. Thus dMR and methylated_dMR should belong to pseudostilbenes. However, dMR 
molecules, which have a secondary amide group, are prone to the category of pseudostilbene 
while methylated_dMR, which have a tertiary amide group, may be prone to the category of 
aminoazobenzene(31). Compared to the secondary amide, the tertiary amide group has a 
weaker electron-withdrawing ability. Thus the push-pull character of methylated_dMR is reduced; 
this made the absorption spectrum of methylated_dMR shifted to a shorter wavelength. 
    The position of the substituent effect was also observed both in methylated_dMR and dMR 
(Fig. 5.2). Molecules with a substituent in the meta position had their peak absorbance in the 
lowest wavelength among all the molecules since the substituent in the meta position are not 
able to participate the resonance within the benzene ring. 
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Figure 5.1   UV-VIS absorption spectra of o-dMR and o-methylated_dMR in toluene (5×10-5 M). 
Black dot: o-methylated_dMR in toluene. Red dot: o-dMR in toluene. 
     A few differences in nature between dMR and methylated_dMR were noticed: (1) the position 
of the substituent effect on the bathochromic shift was stronger on dMR than on 
methylated_dMR, and (2) the peak absorbance of o-dMR appeared in a longer wavelength than 
that of p-dMR while the position of the peak absorbance of o-methylated_dMR and p-
methylated_dMR was almost the same. As mentioned earlier, dMR has a stronger push-pull 
character than methylated_dMR; hence, the bathochromic shift was more noticeable in dMR. 
For push-pull azobenzene, a substituent in the para position usually leads to a highly asymmetry 
distribution of electron density and very dipolar character of the molecules(9, 36, 73). As a result, 
the influence of the bathochromic effect on the position of substituent should be: para- > ortho- 
>> meta-. Nevertheless, the o-dMR had the strongest bathochromic shift among these three 
positions of substituent. This may be caused by intramolecular hydrogen bonding between the 
hydrogen on the amide group and the azo nitrogen in o-dMR. This particular intramolecular 
hydrogen interaction may form a six-member ring(89-92) (Fig. 5.3), which reinforced the 
resonance character of the molecule. The stronger the resonance effect is, the smaller the 
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energy difference between LUMO and HOMO is. Therefore, the absorption spectrum of o-dMR 
shifted to the longest wavelength. It is also worthwhile to notice that the peak absorbance of the 
m-dMR and m-methylated_dMR almost appeared at the same wavelength (414 nm). This 
indicates that since a substitution of the meta- position was not able to participate the 
delocalization of the benzene ring, the push-pull effect did not likely take place in both m-dMR 
and m-methylated_dMR. 
 
Figure 5.2   UV-Vis absorption spectra of o-, p-, m- dMR and o-, p-, m- methylated_dMR in 
toluene (left) UV-VIS absorption spectrum of methylate_dMR with ortho-, para-, meta-, 
substituent position in toluene (5×10-5 M). Black: ortho- substituent. Red: para- substituent. Blue: 
meta- substituent. (right) UV-VIS absorption spectrum of dMR with ortho-, para-, meta-, 
substituent position in toluene (5×10-5 M). Black: ortho- substituent. Red: para- substituent. Blue: 
meta- substituent. 
 
Figure 5.3   Six-member ring structure of o-dMR. o-dMR molecule with intramolecular hydrogen 
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    The absorption spectra of o-dMR and o-methylated_dMR in various organic solvents were 
measured through Cary II UV-VIS spectrometer. As discussed in Chapter 2.2, the position of the 
peak absorbance is affected by the polarity/polarizabilities (π*), the hydrogen-bond donor acidity 
(α) and hydrogen-bond acceptor basicity (β) of solvents due to a solvatochromic effect(50-53, 
93). Thus we can use Eq. (2.2) to construct the characteristics of the molecules. The Eq. (2.2) is 
                                        𝜈!"# = 𝜈! + 𝑠𝜋∗ + 𝑎𝛼 + 𝑏𝛽      (103 cm-1 or kK)                                 (5.1) 
where νmax is the measured wavenumber of the peak absorbance of the molecules and νo is the 
wavenumber of the peak absorbance when α=β=π*=0. s, a and b coefficients are interpreted as 
characteristics of the molecules . For the NHB solvents, which do not develop intermolecular 
hydrogen bonding, α= β=0. Eq. (5.1) can be rewritten as 
                                                   𝜈!"#(𝜋∗) =   𝜈! + 𝑠  𝜋∗                                                              (5.2) 
O-dMR, which has a secondary amide group, may have intramolecular hydrogen bond and build 
intermolecular hydrogen bond with HBA solvents; while, o-methylated_dMR, which has a tertiary 
amide group, is expected to show no intermolecular hydrogen interaction with HBA solvents. To 
verify it, the νmax of o-dMR and o-methylated_dMR in NHB and HBA solvents were plotted as a 
function of the polarity/polarizability (Fig. 5.4). The νmax of o-dMR in NHB and HBA solvents did 
not show a statistical linear correlation with π*. It indicates that certain solvent-solute interaction 
may take place in HBA solvents .By contrast, the νmax of o-methylated dMR in NHB and HBA 
solvents exhibits a linear regression with π*. Combining Eq. (5.2) and Fig. 5.4 (left), the 
solvatochromic shift of o-methylated_dMR caused by the polarity/polarizability can be expressed 
as, 
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                                 𝜈 𝜋∗,o-methylated_dMR =   24.596 − 1.396  𝜋∗                                        (5.3) 
Eq. (5.3) indicates that o-methylated_dMR has b=0. This result implied that o-methylated_dMR 
has no ability in forming intermolecular hydrogen bond with HBA solvents. 
     
Figure 5.4   The plot of the νmax of the peak absorbance of o-dMR and o-methylated_dMR as a 
function of polarity/polarizabilty of solvents. (left) the νmax of o-dMR in NHB and HBA solvents 
(5×10-5 M) is plotted as a function of polarity/polarizability of solvents. The nonlinear data show 
that specific solvent-solute interactions may exist. (right) the νmax of o-methylated_dMR in HBA 
and NHB (5×10-5 M) is plotted as a function of polarity/polarizability of solvents. Slope=-1.396, 
n=11(11 solvents were applied). 
    To determine the solvatochromic shift caused by intermolecular hydrogen interaction between 
HBA solvents and o-dMR, Eq. (5.1) can be rewritten as 
                                                         ΔΔ𝜈 𝛽 = 𝑏  𝛽 = 𝜈!"# − 𝜈! − 𝑠  𝜋∗                                      (5.4) 
The solvatochromic shift caused by the polaity/polarizability of the solvents, which is attributed 
to the differential stabilization of LUMO and HOMO is polar solvents, can be obtained by plotting 
the νmax versus π* of NHB solvents, as shown in Fig. 5.5. By doing so, the regression equation is 
expressed as 
                                                        𝜈 𝜋∗,o-dMR =   23.837 − 1.424  𝜋∗                                    (5.5) 
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Thus the solvatochromic shift caused by the HBA solvents can be calculated by plotting ΔΔν(β, 
o-dMR) as a function of the hydrogen-bond acceptor basicity β, as shown in Fig. 5.5. By 
extracting the information from Fig. 5.5, the Eq. (5.4) can be rewritten as 
                                                       ΔΔ𝜈 𝛽 = 1.972  𝛽 − 0.84                                                    (5.6) 
This linear correlation indicates that certain solvent-solute interactions take place between o-
dMR molecules and HBA solvents. Eq. (5.6) indicates b=1.972. The positive sign of b means 
that the interaction between o-dMR and HBA solvents lead to a hypsochromic shift. This 
observation may explain by competition between intermolecular and intramolecular hydrogen 
bond between o-dMR and HBA solvents. In earlier discussion, the concept of intramolecular 
hydrogen bond between hydrogen in amide group and azo nitrogen was presented. When o-
dMR molecules were surrounded by HBA molecules, intermolecular hydrogen bond between the 
hydrogen on the amide group of dMR and the oxygen on HBA solvent molecules was built, 
which broke intramolecular hydrogen bond. Breaking intramolecular hydrogen bond weakened 
the resonance character of o-dMR, which made the spectrum shift toward longer wavelengths. 
  
Figure 5.5   (left) The plot of the νmax of o-dMR in NHB solvents (5×10-5 M) as a function of 
polarity/polarizability of solvents. Slope=-1.424, n=6 (six solvents were applied). (right) the plot 
of the solvatochromic displacement of the νmax of o-dMR, which is caused by the hydrogen 
bonding in HBA solvent, as a function of hydrogen-bond acceptor basicity. The data show a 
linear correlation with hydrogen-bond acceptor basicity of solvents. Slope=1.972, n=5 (five 
solvents were applied. 
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5.1.2 Thermal relaxation rate 
    The thermal relaxation time constant (τ) of o-dMR and o-methylated_dMR in various organic 
solvents were calculated through Eq. (4.8). The barrier energy of the transition state, ΔG, can 
be expressed by the thermal relaxation time constant  
                                                           k = !
!
= 𝐴!  exp  (
!!!
!!!
)     (1/s)                                           (5.7) 
where Ao is constant and τ is the thermal relaxation time constant of the molecule. The barrier 
energy of the transition state is altered by interactions between solutes and solvents. Therefore, 
it is reasonable to presume that the barrier energy of the transition state for a molecules to 
thermally relax (ΔG) is mainly contributed by the polarity/polarizability, the hydrogen-bond 
acceptor basicity and the hydrogen-bond donor acidity of the solvent(33). We can apply the 
LSER model and rewrite Eq. (2.1) as 
                                                    Δ𝐺 = 𝐺! + 𝑆𝜋∗ + 𝐴𝛼 + 𝐵𝛽      (kJ/mol)                                   (5.8) 
where Go is the barrier energy of the transition state for a molecule to thermally relax when 
α=β=π*=0 . S, A and B are coefficients characteristics of the molecules. Combining Eq. (5.7) 
and Eq. (5.8), the thermal relaxation time constant can be expressed in terms of π*, α and β, as 
shown in Eq. (5.9) 






β − (ln  (𝐴) − !!
!"
)                             (5.9) 
When molecules are in NHB solvents (α= β=0), the Eq. (5.9) can be rewritten as 
                                                         ln 𝜏 = !
!!!
𝜋∗ − (ln  (𝐴) − !!
!"
)                                         (5.10)       
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    In the UV-Vis spectroscopy study, HBA solvents interacted with o-dMR due to the competition 
between intramolecular and intermolecular hydrogen bonding; by contrast, o-methylated_dMR 
did not show this specific hydrogen bonding interaction in HBA solvents. To find out how this 
specific interaction may affect the cis-trans thermal relaxation rate of the molecules, the natural 
log of the thermal relaxation time constant of o-dMR in NHB solvents was plotted as a function 
of π*, as shown in Fig. 5.6. The linear regression in Fig. 5.6 can be expressed as  
                                                ln 𝜏(𝜋∗, 𝑜-𝑑𝑀𝑅 = 1.167𝜋∗ + 4.471                                         (5.11) 
Comparing it to Eq. (5.10), we can get S=1.167 kBT. The positive sign of S means that with the 
increase of the polarity/polarizability of solvent molecules, the barrier energy of the transition 
state of o-dMR to thermally relax increases. Usually the increase of the polarity/polarizability of 
solvents leads to a faster cis-trans thermal relaxation rate of aminoazobenzenes and 
pseudostilbenes since the transition state of the molecules has a more dipolar character. 
However, o-dMR shows an opposite behavior compared to most aminoazobenzenes and 
pseudostilbenes. A possible explanation is that the increase of the polarity/polarizabilities of the 
solvents may weaken intramolecular hydrogen bonding of o-dMR. By weakening intramolecular 
hydrogen bond, the resonance character of o-dMR may be reduced, which increased the barrier 
energy of the transition state. Further information is needed to support this hypothesis. 
    The hydrogen bonding effect, which is caused by HBA solvent molecules, on the thermal 
relaxation time constant can be calculated by rewritten Eq. (5.9) as 
                                      ΔΔln 𝜏 𝛽 = !
!!!
𝛽 = 𝑙𝑛 𝜏 − !
!!!
𝜋∗ + ln 𝐴 − !!
!!!
                       (5.12)   
Fig. 5.7 shows that the ΔΔln(τ(β, o-dMR)) was plotted as a function of hydrogen-bond acceptor 
basicity, β. The linear regression equation can be written as 
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                                           ΔΔln 𝜏 𝛽, 𝑜 − 𝑑𝑀𝑅 = −7.357𝛽 + 6.317                                     (5.13) 
 
Figure 5.6   The plot of the natural log of the thermal relaxation time constant of o-dMR in NHB 
solvents (ln(τ(π*,o-dMR))) as a function of the polarity/polarizability of solvents (π*). Slope=1.167, 
n=4 (four solvents were applied). 
 
Figure 5.7   The plot of the displacement of the natural log of the thermal relaxation time 
constant of o-dMR in HBA solvents (ΔΔln(τ(β,o-dMR))) as a function of hydrogen bonding 
acceptor basicity of solvents(β). Slope=-7.357, n=4 (four solvents were applied). 
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    Surprisingly, the ΔΔln(τ(β, o-dMR))  generated a non-zero constant. This indicates that when 
o-dMR molecules were placed in an HBA environment, a change took place in o-dMR itself 
regardless of the magnitude of β. This change may be caused by the competition between 
intramolecular and intermolecular hydrogen bonding, which was also observed in the UV-Vis 
spectroscopy study in o-dMR, as shown Fig. 5.5. Thus, it is reasonable to presume that when o-
dMR encountered HBA molecules, intermolecular hydrogen bond between the hydrogen on the 
amide group of o-dMR and the oxygen on the HBA molecules was built and intramolecular 
hydrogen bond between the hydrogen on the amide group and the azo nitrogen was broken. 
Breaking the intramolecular hydrogen bond of o-dMR minimized the ring structure, which 
increased the barrier energy of the transition state. From Eq. (5.13), we can get B= -7.357 kBT. 
The negative sign of B means that the barrier energy of the transition state decreases with 
increase of the hydrogen-bond acceptor basicity. The electron-withdrawing ability of the amide 
group was enhanced by reducing the electron-donating ability of the nitrogen on the amide 
when the hydrogen on the amide interacted with the HBA molecules(33). Due to enhancement 
of the electron-withdrawing ability, the o-dMR in HBA shows stronger push-pull effect, which 
decreases the barrier energy of the transition state. Summarily, the increase of the barrier 
energy of the transition state that was caused by breaking the intramolecular hydrogen bond 
can be compensated by the decrease of the barrier energy of the transition state that was 
caused by building the intermolecular hydrogen bond.  
    Amphiprotic solvents (HBA-HBD) were used to study the intermolecular hydrogen bonding 
effect that was caused by HBD group. Amphiprotic solvents exhibit both hydrogen bonding 
donor acidity and hydrogen bonding acceptor basicity due to their alcohol group (α≠0, β≠0). 
Thus, when considering the change of the thermal relaxation time constant that was caused by 
the hydrogen-bonding donor acidity in HBA-HBD solvents, we need to take the hydrogen-
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bonding acceptor basicity into consideration as well. Therefore, to evaluate the factor of the 
hydrogen-bond donor acidity, the Eq. (5.9) can be rewritten 
                         ΔΔln 𝜏(𝛼) = !
!!!




𝛽 + (ln 𝐴 − !!
!!!
  )                          (5.14) 
By plotting ΔΔln(τ(α,o-dMR)) as a function of α, as shown in Fig. 5.8, Eq. (5.14) can be 
expressed as 
                                              ΔΔln 𝜏(𝛼,o-dMR) = −5.466  𝛼 − 0.412                                     (5.15) 
Thus we can get A= -5.466 kBT. The negative sign of A indicates that with the increase of the 
hydrogen-bond donor acidity, the barrier energy of the transition state decreases. A few sites of 
o-dMR could interact with the hydrogen of the HBD molecule: (1) nitrogen of the amino group, (2) 
oxygen of the amide group, and (3) nitrogen of the amide group.  When the interaction took 
place in the first site, the barrier energy of the transition state increased due to the reduction of 
the electron-donating ability of the amino group; by contrast, when the interaction took place in 
the second and/or third site, the barrier energy of the transition state decreased due to 
enhancement of the electron-withdrawing ability of the amide group. There was no clear 
evidence of which sites of o-dMR interacted with the hydrogen of the HBD solvent molecules. 
However, since the barrier energy of the transition state decreased with the increase of the 
hydrogen-bond donor acidity, it indicates that the dominant interaction was caused from 
enhancement of the electron-withdrawing ability of the amide group of o-dMR.  
    Summarily, the barrier energy of the transition state of o-dMR is determined by 
polarity/polarizability, hydrogen-bond acceptor basicity and hydrogen-bond donor acidity. The 
barrier energy of the transition state increased with the increase of the polarity due to the 
weakening of the resonance character of o-dMR. The increase of the hydrogen-bond donor 
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acidity and the hydrogen-bond acceptor basicity decreased the barrier energy of the transition 
state due to the reinforcement of the push-pull effect. However, breaking the intramolecular 
hydrogen bonding that was caused by building an intermolecular hydrogen bond increased the 
barrier energy of the transition state. This complex effect led o-dMR to exhibit an unprecedented 
behavior on the cis-trans thermal relaxation rate in various hydrogen-bonding environments.  
    To verify weather if the intramolecular hydrogen bonding effect on the cis-trans thermal 
relaxation rate in o-dMR was caused by the hydrogen on the amide group, the cis-trans thermal 
relaxation of o-methylated_dMR in NHB and HBA solvents was measured. Fig. 5.9 shows that 
the natural log of the thermal relaxation time constant of o-methylated_dMR in HBA and NHB 
solvents had a linear correlation with the polarity, as expressed in Eq. (5.16) 
                                        ln 𝜏(𝜋∗, 𝑜-methylated_𝑑𝑀𝑅 = −13.008𝜋∗ + 15.727                       (5.16) 
Comparing it to Eq. (5.10), we can get S=-13.008 kBT. The negative sign of S indicates that the 
barrier energy of the transition state decreased with the increase of the polarity/polarizability of 
the solvents. Since the measurement was done in both NHB and HBA solvents, Eq. (5.16) 
implied that B=0. It indicates that no significant intermolecular hydrogen interactions between 
HBA solvent molecules and o-methylated_dMR. Unlike o-dMR that its thermal relaxation rate 
was dramatic affected by intermolecular hydrogen interactions between HBA solvents and o-
dMR, o-methylated dMR exhibits the same behavior as other aminoazobenzenes and 
pseudostilbenes that their thermal relaxation rates of the molecules were facilitated by a 
increase of the polarity of solvents(33, 34, 45). Thus, we can conclude that intramolecular and 
intermolecular hydrogen bonding has a great influence on determining the cis-trans thermal 
relaxation rate of o-dMR by altering the electronic state of o-dMR in various hydrogen bonding 
environments. 
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    We did not do the study of temperature dependence on the thermal relaxation rate of the 
molecules. Instead of studying the thermodynamic behavior of the molecules, which may 
provide information to determine that the cis-trans thermal relaxation process is more entropy-
driven or enthalpy-driven, the study of the hydrogen-bonding effect using LSER gave us more 
insights how the molecules interact to a given hydrogen-bonding environment in a molecular 
level. 
5.1.3 Quantum mechanical modeling study 
    The topological properties of the electron densities in o-dMR and o-methylated_dMR were 
obtained through using ADF and QTAIM by Tim Wilson, as described in Chapter 4.1.3. Fig. 5.10 
and Fig. 5.11 shows the geometry of o-dMR and o-methylated_dMR in vacuum, respectively. 
We are interested in the region surrounding by the highlighted atoms, which exhibit the 
intramolecular hydrogen character. Comparing Fig. 5.11 with Fig. 5.12, it is obvious that the 
bulky substituted methyl group of o-methylated_dMR moved away from the azo nitrogen while 
the hydrogen on the amide group in o-dMR seems to interact with the azo nitrogen and may 
form a ring structure. To verify the existence of this intramolecular hydrogen bond, QTAIM was 
used to identify the critical bond point and ring point. Fig. 5.12 shows the contour plot of electron 
density for o-dMR in vacuum. Through the QTAIM method the critical bond point between the 
amide hydrogen and the azo nitrogen was identified. Since there is a bond between the amide 
hydrogen and the azo nitrogen, the six bond paths form a ring and a ring point is evident. Fig. 
5.12 (a) shows that the electron density at the ring point is a local maximum along the axis 
perpendicular to the ring surface and Fig. 5.12 (b) shows that the electron density at the ring 
point is local minimum with the ring surface.  
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Figure 5.8   The plot of the displacement of the natural log of the thermal relaxation time 
constant of o-dMR in HBA solvents (ΔΔln(τ(α,o-dMR))) as a function of hydrogen-bonding 
donor acidity of solvents (α). Slope=-5.466, n=3 (three solvents were applied). 
 
 
Figure 5.9   The plot of the natural log of the thermal relaxation time constant of o-
methylated_dMR in NHB and HBA solvents (ln(τ(π*,o-methylated_dMR))) as a function of 
polarity/polarizabillity (π*). Slope=-13.008, n=4 (4 solvents were applied). 
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    Since a critical bond point was found between the azo nitrogen and the hydrogen on the 
amide, the topological properties of the electron density at the critical bond point can help us to 
know whether the bond fits the category of hydrogen bond(85). The method can also inform our 
understanding of the change of the electron density at the critical bond point when the solvent 
molecules were placed around o-dMR and o-methylated_dMR. 
    Fig. 5.13 shows the labeled-atoms of o-dMR that are used to define the bond in Table 5.2. 
Table 5.2 shows the topological properties at critical bond points for o-dMR in different solvents. 
The electron densities of N(2)-H(8) sit within 0.029-0.043 and the Laplacians of N(2)- H(8) are 
within 0.08-0.1. From Kosh study that was introduced in chapter 2.4, the hydrogen bond should 
appear between the corresponding atoms, the electron density should be between 0.002 to 
0.034 and the Laplacian should be positive and between 0.024 to 0.139 (85). Due to variations 
from different basis sets and quantum mechanical packages, we can still categorize N(2)-H(8) 
into hydrogen bond. The electron density of N(2)-H(8) in acetone had the smallest number, 
which indicates that intramolecular hydrogen bond was significantly weaken by acetone. The 
electron densities of N(1)-N(2) in different solvents were also reported to ensure that the change 
of the electron density we observed in acetone was not due to the difference of the total electron 
density in different solvents. This supports the conclusion drawn from the measurements of 
thermal relaxation, that HBA solvents, such as acetone, may dissociate the intramolecular 
hydrogen bond.  
    We also observed the existence of the critical bond point between oxygen on amide group of 
o-dMR and o-methylated_dMR and hydrogen on hydroxyl group of methanol. This result is also 
consistent with our thermal relaxation study. By studying the topology of the electron density of 
o-methylated_dMR, no intramolecular hydrogen bond was found between the methyl group on 
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Figure 5.10   The geometry of o-dMR in vacuum that was optimized by using density functional 
tight-binding, as described in Chapter 4.1.3. The blue balls are nitrogen atoms (N), the black 
balls are carbon atoms (C), the red balls are oxygen atoms (O), the white balls are hydrogen 
atoms (H), and the yellow ball is a silicon atom (Si). The highlighted balls are N(azo)-C(phenyl)-
C(phenyl)-C(amide)-N(amide)-H(amide). 
 
Figure 5.11   The geometry of o-methylated_dMR in vacuum that was optimized by using 
density functional tight-binding, as described in Chapter 4.1.3. The blue balls are nitrogen atoms 
(N), the black balls are carbon atoms (C), the red balls are oxygen atoms (O), the white balls are 
hydrogen atoms (H), and the yellow ball is a silicon atom (Si). The highlighted balls are N(azo)-
C(phenyl)-C(phenyl)-C(amide)-N(amide)-C(amide). 
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Figure 5.12   The contour plot of electron density for o-dMR in vacuum. The black balls are 
carbon atoms, the white balls are hydrogen atoms, the red ball is oxygen atom, and the blue 
balls are nitrogen atoms. The red dots are the critical bond points and the green dots are the 
ring points. The highlighted balls (clockwise direction) are N(azo)-C(phenyl)-C(phenyl)-
C(amide)-N(amide)-H(amide). (a) The contour plane is perpendicular to the ring surface that is 
formed by the highlighted atoms. (b) The contour plane lays on the ring surface that is formed 
by the highlighted atoms.  
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the amide and the azo nitrogen. When we placed acetone molecules around o-methylated_dMR, 
no intermolecular hydrogen bond was built, which indicated that HBA effect did not take place in 
o-methylated_dMR. This result is consistent with the solvatochromic and thermal relaxation 
study. 
Table 5.2   The topological properties of the electron density of o-dMR in three different solvents 
Bond Solvent ρ(rc) a.u   ∇2ρ(rc) a.u 
N(1)-N(2) methanol 0.4055 -0.7788 
N(1)-N(2) acetone 0.4040 -0.7594 
N(1)-N(2) toluene 0.4046 -0.7600 
N(2)-H(8) methanol 0.0425 0.0999 
N(2)-H(8) acetone 0.0290 0.0836 
N(2)-H(8) toluene 0.0398 0.0993 
 
5.2 Monolayer study 
    The roughness of the o-dMR and o-methylated_dMR MLs was measured using AFM to 
ensure the surfaces were smooth enough to photo-align LC molecules. The thickness and the 
volume density of the monolayers were measured through AR-XPS.  The UV-VIS absorption 
spectra of the o,p,m-dMR and o,p,m-methylated_dMR monolayer were studied and compared to 
the corresponding molecules in toluene. By doing so, we may be able to speculate how the 
molecular interactions took place within a monolayer. The effect of intermolecular and 
intramolecular hydrogen bonding on the cis-trans thermal relaxation rate in a monolayer was 
studied by measuring the thermal relaxation rate of o-dMR and o-methylated_dMR monolayer. 
By comparing the thermal relaxation rate of o-dMR and o-methylated_dMR in toluene and their 
monolayer, we may be able to conclude the plausible intramolecular and intermolecular 
hydrogen bonding interactions occurred within a monolayer. The measurement of the 
birefringence during the rotational diffusion of the o-dMR and o-methylated dMR monolayer was 
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investigated to understand the molecular effect on the dynamics of redistribution of orientational 
order of the molecules. 
5.2.1 AFM 
    The morphology of o-dMR and o-methylated_dMR was studied through tapping mode of AFM. 
Fig. 5.14 shows the AFM image of the pre-cleaned substrate, the o-dMR ML and o-
methylated_dMR ML. The AFM image did not show significant island formation. We also 
measured the root mean square (RMS) roughness of the surface, which is the standard 
deviation of the average height for a given sample area. The RMS of the glass substrate, the o-
methylated_dMR and o-dMR is 0.298 nm, 0.384nm and 0.337 nm, respectively. Since the RMS 
roughness of the MLs is comparable to the glass substrate, we believe we obtained a relative 
smooth monolayer. 
5.2.2 AR-XPS 
    The inelastic mean free paths (IMFP) were calculated with a National Institute of Standard 
and Technology (NIST) program based upon Gries (G-1) equation(94). All the IMFP used in this 
study include in Table. 5.3. 
Table. 5.3   IMFP used in this study 
Materials Element, orbital IMFP (λ) 
o-dMR Si, 2p 3.8 nm 
o-dMR N, 1s 3.1 nm 
o-methylated_dMR Si, 2p 3.8 nm 
o-methylated_dMR N, 1s 3.1 nm 
Silicon oxide Si, 2p 4.0 nm 
Silicon oxide N, 1s 3.3 nm 
Silicon nitride Si, 2p 3.1 nm 
Silicon nitride N, 1s 2.6 nm 
Silicon Si, 2p 3.0 nm 
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The o-dMR and o-methylated_dMR was coated on a silicon wafer with a native oxide layer. 
Upon air exposure a hydrocarbon contamination layer is expected. This will add intensity to the 
carbon and oxygen spectra. We assume the silicon wafer and the MLs will have the same type 
of contamination layer. Since it would be difficult to study the contamination layer on the ML, we 
first studied a silicon wafer that contains a silicon oxide layer with contamination layer. The 
thickness of the silicon oxide layer is denoted as do and the thickness of the contamination layer 
is d2. The silicon 2p intensity arising from the silicon wafer and silicon oxide layer (𝐼!"!"   (𝜃), 
𝐼!"
!"!!(𝜃)) and the C 1s intensity arising from the contamination layer (𝐼!!"#$%&(𝜃)) measured 
using angle-resolved XPS can be written as 







)                 (5.17) 
                  𝐼!"
!"!!(𝜃) = 𝐾 ∙ 𝜌!"
!"!! ∙ 𝜎!" ∙ 𝜆!"
!"!! ∙ cos 𝜃 · exp !!!
!!"
!"#$%&∙!"#!
∙ 1 − exp !!!
!!"
!"#! ∙!"#$
     (5.18) 




]                  (5.19) 
where K is an instrumental constant due to the source and measurement geometry, 𝜌!"!" and 
𝜌!"
!"!!are the silicon atomic density in the silicon wafer and the silicon oxide layer, respectively.  
Here the subscript indicates the measured core level, and the superscript the layer. 𝜌!!"#$%& is 
the carbon density in the contamination layer. σSi and σc are the Scofield photoemission cross 
section of the silicon 2p and C 1s, respectively. 𝜆!"!", 𝜆!"
!"!! and 𝜆!"!"#$%&.are the IMFP of  Si 2p 
photoelectrons traveling through the silicon wafer, the silicon oxide layer and the contamination 
layer, respectively. 𝜆!!"#$%& is the IMFP of C 1s photoelectrons traveling through the 
contamination layer. θ is the take-off angle of the photoelectrons measured with respect to the 
surface normal. By dividing Eq. (5.18) to (5.17), we can get 
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) − 1]                                    (5.20) 
Since both layers are attenuated by the contamination, this cancels in the ratio.  We assume 
𝜆!!"#$%& ≈ 𝜆!"!"#$%& and then divide Eq. (5.19) to (5.18) 


















]                             (5.21)  
Since the density of the carbon in the contamination layer is unknown, we need to compare the 
ratio of the intensity of C1s and Si 2p in different angle to eliminate the uncertainty. Thus we 
express Eq. (5.21) as  



























                                                (5.22) 
From Eq. (5.20) and Eq. (5.22), we can obtain the thickness of the oxide layer and the 
contamination layer. Fig.5.15 shows the XPS spectrum of the silicon wafer at Si 2p and 
Table.5.4 is the quantification result for the silicon wafer at normal incidence (θ=0).  The spin-
orbit split Si 2p3/2 and Si 2p1/2 at 99.4 and 100.0 eV are from the silicon wafer, and the higher 
binding energy pairs are from the oxide layer. %Atomic Concentration in Table 5.4 was 
calculated from the area of the corresponding core level line, corrected for the photoionization 
cross section and instrumental transmission function. The error in the quantification is estimated 
using Monte Carlo methods, and shown by comparison of the area and the standard deviation 
of the area.  By measuring the silicon wafer in different angles, we get the thickness of the 
silicon oxide layer is between 1.4 nm to 1.8 nm. However, the C 1s intensity did not strongly 
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attenuate the underlying layers as the angle increased, which may indicate that the 
contamination layer is non-uniform and island-like. 
	  
Figure 5.15   The XPS Si 2p spectrum of Si wafer. The red rough line is the raw peak of the Si 
2p spectrum of Si wafer. The pink, cyan, blue and red lines underneath the raw peak are the fit 
peaks. 
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Table 5.4   The	  quantitative data of Si wafer (continued) 
Si	  2p	   103.27	   2.17	   0.12	   5.9	  
Si	  2p	   103.92	   1.08	   0.06	   2.9	  
 
    Now, let us consider the o-dMR and o-methylated_dMR ML that was covalently bonded to the 
silicon wafer with a native oxide layer. If we assume that the contamination layer is non-uniform 
as observed in bare silicon wafer, we can exclude the effect contributed from the contamination 
layer when operating AR-XPS. Thus, the sample will have a top layer of azo ML, and a bottom 
layer of native oxide layer on the silicon wafer. The thickness of the azo ML is d1 and the 
thickness of the native oxide layer is do. The way to calculate the thickness of native oxide layer 
is the same in bare silicon wafer and in ML. Thus we can use Eq. (5.20) to get the thickness of 
native oxide layer underneath the azo ML. The thickness of the native oxide layer underneath o-
dMR and o-methylated_dMR ML is 1.63± 0.05 nm and 1.6±0.1 nm, respectively. To calculate 
the thickness and coverage of the o-dMR and o-methylated_dMR ML, the nitrogen was chosen 
as the target atom. We can obtain the thickness and the volume density of azo ML by using Eq. 
(5.23) with assuming the difference of the IMFP for N 1s and Si 2p photoelectron traveling 
through the azo ML is negligible. 



















]                                  (5.23) 
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                                              = 𝜆!!"# ∙ ln{ 1 +𝑀 ∙ 𝐴(𝜃) ∙ 𝑅(𝜃)}                                                  (5.24) 
where  
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                                                   𝐴(𝜃) = 1 − exp( !!!
!!"
!"!! ∙!"#!
)                                                     (5.26) 
                                                       𝑅 𝜃 = !!
!"#
!!"
!"!! (𝜃)                                                                  (5.27) 
𝐼!!"# is the N 1s intensity arising from the azo ML, 𝜆!!"# is the IMFP of nitrogen 1s photoelectrons 
traveling through the azo ML and 𝜌!!"#is  the volume density of nitrogen in the azo film. M is a 
constant. A(θ) is the attenuation factor from silicon oxide varying from different θ. R(θ) is the 




!"!! 𝜃  will be shown as IN/ISi in the following discussion. 
    Fig.5.16 shows the XPS spectra of o-dMR and o-methylated_dMR samples at N 1s and Si 2p 
at normal incidence, respectively. Table. 5.5 shows the ratio of the intensity of N 1s 
photoelectron arising from the azo monolayer to the intensity of Si 2p photoelectron arising from 
the native oxide layer in different angles. With increase of the take-off angle, the measurement 
is more surface sensitive. However, IN/ISi for o-methylated_dMR at θ=0 in Table. 5.5 is unusual 
large compared to other angles. The thickness of the o-dMR ML that was calculated from the 
angle dependent IN/ISi at 0° and 60° is much smaller than the data reported, which is around 1 
nm. The large ratio at zero degrees suggests that IN/ISi at 0° in both o-dMR and o- 
methylated_dMR sample is not reliable. The reason is not known, as it is not an attenuation 
effect, and the angular dependence of the ratio at other angles for the o-methylated_dMR are 
consistent with a uniform layer.  By applying the IN/ISi of o-methylated_dMR sample from Table. 
5.5 to Eq. (5.24), we can plot λ*ln	  [1+M*A(θ)*R(θ)] as a function of 1/cos (θ), as shown in Fig. 
5.17. Thus, we obtained a thickness of o-methylated_dMR ML that is 0.79 nm and the volume 
density of nitrogen in methylated_dMR is 3.05 atoms/nm3, which gives us the volume density of 
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o-methylated_dMR 0.76 molecules/nm3. Unfortunately, with limited angle measured in o-dMR 
sample, we are unable to obtain the thickness of o-dMR using AR- XPS. However, the thickness 
of o-dMR ML was determined in the thesis from Youngwoo Yi, which we followed the same 
procedures to make the ML. If we assume the thickness of o-dMR ML varies from 0.8nm to 1 
nm from Youngwoo’s thesis(17), the volume density of the nitrogen in the ML will be 3.8 
atoms/nm3 to 5.1 atoms/nm3, which gives us the volume density of o-dMR 0.95 molecules/nm3 
to 1.28 molecules/nm3. Youngwoo reported the surface density of o-dMR in ML 1.15 
molecules/nm2. 
    The other way to measure the volume density of the molecules is to use a reference 
sample(95). In our case, we used a commercially available SiNx reference sample that is used 
as a TEM substrate (Electron Microscopy Science). The sample was initially argon sputtered to 
examine the bulk composition. Sputtering at 2 and 4 kV initially did not seem to alter the 
measured composition, although extended sputtering at 4 kV resulted in preferential removal of 
N. The intensity of N1s and Si 2p in SiN (𝐼!
!"!!,𝐼!"
!"!!) is 
                                                       𝐼!
!"!! = 𝐾 ∙ 𝜌!
!"!! ∙ 𝜎! ∙ 𝜆!
!"!!                                               (5.28) 
                                                      𝐼!"
!"!! = 𝐾 ∙ 𝜌!"
!"!! ∙ 𝜎!" ∙ 𝜆!"
!"!!                                                (5.29) 
Since we do not know the density of the SiNx, an additional reference of Si wafer was used to 
calculate 𝜌!"
!"!!. The Si wafer was sputtered with argon in vacuum to eliminate any surface 
contamination and the oxide layer formed by air exposure. Thus we can obtain the intensity of Si 
2p from a clean Si wafer, and it can be represented as  
                                                               𝐼!"!" = 𝐾 ∙ 𝜌!"!" ∙ 𝜎!" ∙ 𝜆!"!"                                                 (5.30) 
By combining Eq. (5.28) to (5.30), we can get 
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                                                           𝐼!






!" ∙ 𝜎! ∙ 𝜆!
!"!!                              (5.31) 
where x is the ratio of N to Si in SiNx.  The intensity of N 1s in azo ML can be expressed as 




]             (5.32) 
Dividing Eq. (5.32) to Eq. (5.31),  
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                                    (5.34) 
    When we examined the XPS spectra of SiNx, a small amount of oxygen was observed that 
could not be removed even after extended sputtering. This may be caused by the manufacturing 
process. The ratio of Si to N was found to be 1.6 to 1. This now allows us to use absolute 
intensities for the Si and N XPS quantification. We used the volume density of Si in the Si wafer 
50 atoms/nm3 to calculate the volume density of nitrogen in o-dMR and o-methylated_dMR 
using Eq. (5.34). We assume the thickness of the o-methylated_dMR ML is 0.79 nm and the 
thickness of o-dMR ML varies from 0.8 nm to 1 nm. From Eq. (5.34), we got the volume density 
of the nitrogen in the o-methylated_dMR ML is 2.7±0.15 atoms/nm3 and the volume density of 
the nitrogen in the o-dMR ML varies from 3.2 atoms/nm3 to 3.8 atoms/nm3. This gives us the 
volume density of the o-methylated_dMR 0.69 molecules/nm3 and volume density of the o-dMR 
rom 0.8 molecules/nm3 to 0.96 molecules/nm3. The volume density of the o-dMR using this 
method is also very consistent with Youngwoo’s studies. Both methods that were used to obtain 
the volume density of the molecules indicated that the o-dMR ML is denser than the o-
methylated_dMR. Thus, we may observe that the o-dMR ML has a better ability to photo-align 
LC molecules than o-methylated_dMR ML since o-dMR ML may have a larger surface 
anchoring energy due to a larger population of molecules. 
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Fig. 5.16 (a) XPS spectrum of o-dMR at Si 2p (b) XPS spectrum of o‐dMR at N 1s (c) XPS 
spectrum of o-methylated_dMR at Si 2p (d) XPS spectrum of o-methylated_dMR at N 1s 
Table.5.5 The fraction of Intensity of N 1s to Si 2p for o-dMR and o-methylated_dMR in various 
angles 
 
the volume density of o-methylated_dMR 0.76/nm3. Unfortunately, with limited angle 
measured in o-dMR sample, we are unable to obtain the thickness of o-dMR using AR-
XPS. However, the thickness of o-dMR ML was obtained in the thesis from Youngwoo, 
which we followed the same procedures to make the ML. If we assume the thickness of 
o-dMR ML varies from 0.8nm to 1 nm from Youngwoo’s thesis, the volume density of the 
nitrogen will be 3.8/nm3 to 5.1/nm3, which gives us the volume density of o-dMR 














θ IN/ISi IN/ISi 
0° 0.4055 0.2766%
30° n/a 0.2327 
60° 0.486 0.275 




Fig.3!!  λ*ln [1+M*A(θ)*R(θ)] as a function of 1/ cos (θ). The data is obtained from the o-
methylated_dMR sample in Table. 2 The slope is 0.79. !
 
    The other way to measure the volume density of the molecules is to use a reference 
sample. In our case, we used a SiNx reference sample. The intensity of N1s and Si 2p in 
SiNx (!!!"# , !!"!"#) is 
 
!!
!"!! = ! ∙ !!
!"!! ∙ !! ∙ !!
!"!! (12) 
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Figure 5.17    The plot of λ*ln [1+M*A(θ)*R(θ)] as a function of 1/cos(θ). The data is obtained 
from the o- methylated_dMR sample in Table. 5.5. The slope is 0.79. 
5.2.3 UV-VIS absorption spectra 
    The absorption spectra of the dMR and methylated dMR MLs were measured through Cary II 
UV-VIS spectrometer. The peak absorbance of all the monolayer was normalized to the same 
peak value for easier comparison. Fig. 5.18 shows the absorption spectra of the o,p,m- 
methylated dMR and o,p,m-dMR ML, respectively. Comparing the absorption spectra of the 
dMR MLs to the methylated_dMR ML, the dMR MLs shows a stronger solvatochromic effect 
than the methylated_dMR MLs. This behavior was also observed when the absorption spectra 
of dMR and methylated_dMR in toluene were compared (Fig. 5.2). This behavior was caused by 
a stronger push-pull character of dMR molecules. Thus, we can presume that intermolecular 
and intramolecular hydrogen bonding that was identified in the solution experiment may also 
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Fig.3!!  λ*ln [1+M*A(θ)*R(θ)] as a function of 1/ cos (θ). The data is obtained from the o-
methylated_dMR sample in Table. 2 The slope is 0.79. !
 
    The other way to measure the volume density of the molecules is to use a reference 
sample. In our case, we used a SiNx reference sample. The intensity of N1s and Si 2p in 
SiNx (!!!"# , !!"!"#) is 
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Figure 5.18   (left) the absorption spectra of the o-methylated_dMR, p-methylated_dMR and m-
methylated_dMR ML. All the absorption spectra are normalized to a same peak value for easier 
comparison to each other. The original peak absorbance is around 0.012. (right) the absorption 
spectra of the o-dMR, p-dMR and m-dMR ML. All the absorption spectra are normalized to a 
same peak for easier comparison to each other. The original peak absorbance is around 0.012. 
    To get more details from the absorption measurement, the absorption spectra of the o-dMR 
and o-methylated dMR ML were compared to their absorption spectra in toluene, as shown in 
Fig. 5.19(a) and (b). The absorption spectra of both o-dMR and o-methylated_dMR ML show 
spectral broadening and red-shift compared to their absorption spectra in toluene. Those can be 
due to the aggregation of the molecules within a monolayer and/or the solvatochromic shift that 
was observed in the solution experiment in Chapter 5.1.1. The concept of the spectral shift 
caused by the molecular aggregation was shown in Fig. 5.20(96). The H-aggregate increases 
the excitation energy of the molecules, which leads to the blue-shift; while the J-aggregate 
decreases the excitation energy of the molecules, which leads to the red-shift. The phenomena 
have been observed in dyes(97-99) and azo molecules(13, 100). The volume density of o-dMR 
and o-methylated_dMR ML is high, which may form a close-packed structure(17, 63). The π-π 
stacking between the aromatic rings and intermolecular hydrogen bonding may facilitate the 
molecules to align in an ordered structure, which triggered the H-/J- aggregates(100, 101). 
Since the spectral broadening and shift were observed in all the dMR and methylated_dMR 
monolayers, as shown in Fig 5.19 (a) to (f), it implies that the π-π stacking between the aromatic 
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rings is the dominant factor to cause the aggregations. The p-dMR ML shows the strongest H- 
aggregate effect among all the molecules since the para substituent led to parallel alignment 
that increased the excitation of the energy.  
    The other possible explanation of the spectral shift and broadening is the environmental effect 
observed in the solution experiment in Chapter 5.1.1. The absorption spectra o-dMR and o-
methylated_dMR molecules are highly sensitive to the surrounding environment; thus it is 
reasonable to presume that the spectral shifting and broadening was caused by the 
intermolecular interactions. When molecules interact with each other in a monolayer, their 
electronic state will change according to the types of interactions, as described in Chapter 5.1.1. 
Thus, the absorption spectrum of the monolayer may appear as a combination of several 
spectra, which led to the broadening and shifting. The evidence of the spectral broadening in a 
longer wavelength of p-dMR and p-methylated_dMR supports this suggestion. Since with the 
configuration of p-dMR and p-methylated_dMR, the head-to-tail alignment of the molecules 
within a monolayer, which leads to J-aggregate, should not occur. So it is reasonable to assume 
that the spectral broadening in a longer wavelength was contributed from the solvatochromic 
effect.  
    No matter that the spectral shift and broadening was caused by the aggregation or the 
solvatochromic effect, they both result by the molecular interactions. Unlike the Elbing’s paper, 
in which the substituent effect alters the packing density of the monolayer(62), the substituent of 
a methyl group on the amide group of o-dMR did not seem to alter the molecular arrangement 
within a monolayer. 
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Figure 5.19   The comparison of the absorption spectra of (a) o-methylated_dMR (b) o-dMR (c) 
m-methylated_dMR (d) m-dMR (e) p-methylated_dMR (f) p-dMR monolayer and the 
corresponding molecules in toluene. All peak absorbance of absorption spectra were normalized 
to a same peak value for a easier comparison. The original peak absorbance of the monolayers 
is from 0.008~0.012. 
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Figure 5.20   The diagram expresses the shifting of the energy level due to the aggregation of 
the molecule. The molecules that align parallel form H-aggregate, which increases the excited 
energy level. The molecules that align head-to-tail form J-aggregate, which decreases the 
excited energy level. 
5.2.4 Thermal relaxation rate 
    Fig. 5.21 (a)&(b) shows the cis-trans thermal relaxation of the o-methylated_dMR and o-dMR 
ML, respectively. For o-methylated_dMR, the absorbance was measured at 418 nm at the 
photostationary state (Apss), the dark state (At) and as a function of time through thermal 
relaxation (A(t)). For o-dMR, the absorbance was measured at 446 nm at the photostationary 
state (Apss), the dark state (At) and as a function of time through thermal relaxation (A(t)). 
Applying the measured absorbance values into Eq. (4.8), we can get the thermal relaxation time 
constants of the ML. The thermal relaxation time constant of o-dMR and o-methylated_dMR in 
toluene and their ML have significant differences (τo-dMR, toluene=167s, τo-dMR, ML= 798s, τo-
methylated_dMR, toluene= 8992s, τo-methylated_dMR, ML= 1195s). There may be several possible factors that 
caused the differences: (1) the environmental effect, such as polarity and hydrogen bonding 
properties of the molecules, and (2) the steric effect that was caused by the aggregation within a 
monolayer, which was observed in Fig. 5.19. Elbing el. studied the steric effect of azo molecules 
by comparing the thermal relaxation rate of two similar azobenzene molecules in chloroform and 
their self-assembled monolayers (SAM)(62). These two molecules are very similar except that 
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one is methylated on the benzene rings, as shown in Fig. 5.22. The non-methylated one is 
called Azo 1 and the methylated one is called Azo 2. According to Elbing’s finding, the Azo 2 ML 
has a lower packing density than the Azo 1 ML since the methyl group hinders the coplanar 
arrangement. The thermal relaxation rate of Azo 1 SAM has about one third of thermal 
relaxation rate of the Azo 1 in chloroform while the thermal relaxation rate of Azo 2 in chloroform 
and its SAM has a very close thermal relaxation rate. It was suggested that the closed-packed 
structure of Azo 1 ML is lack of free volume, which hinders the thermal relaxation process. This 
implies that the aggregation of the azo molecules within a SAM leads to a slower thermal 
relaxation rate of the SAM compared to the chloroform solution since the molecules have less 
free volume to undergo thermal relaxation process. However, the thermal relaxation rate of o-
methylated_dMR ML is faster than its toluene solution even though the o-methylated_dMR 
shows molecular aggregation within an ML. This may imply that the environmental effect, which 
includes the hydrogen bonding effect and the polarity/polarizability effect, is the dominant factor 
in affecting the thermal relaxation rate of a monolayer rather than the π-π stacking effect.  
    The cis-trans thermal relaxation rate of the ML is altered by the polarity and hydrogen 
bonding property of the molecules when the molecules are close to each other. From the result 
of the thermal relaxation study in solvents, it shows that polarity and hydrogen bonding property 
of the solvents altered the thermal relaxation rate of o-dMR and o-methylated_dMR. This may 
explain why the thermal relaxation rate of o-dMR ML is slower than in its toluene solution but the 
thermal relaxation rate of o-methylated_dMR ML is faster than its toluene solution. The o-dMR 
has an amide group, which possesses both HBA character from the carbonyl group and HBD 
character from the amine group. Hence, the thermal relaxation rate of o-dMR in ML is altered by 
α, β, and π* of o-dMR.  O-methylated_dMR has a carbonyl group that gives it HBA property 
(A≠0,β≠0) but the methyl on the amide group makes it lose the HBD character (B=0,α=0). Since 
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o-methylated dMR does not has HBD character, when o-methylated dMR interacts with another 
o-methylated_dMR, there will have no HBD group to interact with the HBA group on o-
methylated_dMR. This implies that the thermal relaxation rate of o-methylated_dMR ML may 
only be affected by π* of the o-methylated_dMR. The push-pull azobenzenes commonly exhibit 
a high dipole moment(36), which usually leads to a high π*. The dipole moment of o-dMR (7.57 
D) and o-methylated_dMR (4.57 D) are much higher than toluene (0.36 D)c. Since the thermal 
relaxation rate of the o-methylated_dMR ML may only be affected by π* and the increase of π* 
speeds up the thermal relaxation rate of o-methylated_dMR, it is reasonable that the thermal 
relaxation rate of the o-methylated_dMR ML is higher than its toluene solution. It is more 
complicated when it comes to o-dMR since the thermal relaxation rate of the o-dMR ML is not 
only altered by π* but also α and β. In Chapter 5.1.2, the study of the thermal relaxation rate of 
o-dMR in different organic solvents shows that the competition of intermolecular and 
intramolecular hydrogen bond decreased the thermal relaxation rate of o-dMR, as shown in Eq. 
5.13. O-dMR molecules have intramolecular hydrogen bond that can be dissociated by HBA 
molecules and the carbonyl group of the o-dMR is able to build an intermolecular hydrogen 
bond. When the o-dMR molecules interact with each other within an ML, it may cause the 
competition of intermolecular and intramolecular hydrogen bonding, which decreased the 
thermal relaxation rate. Therefore it may explain how the thermal relaxation rate of the o-dMR 
ML is slower than its toluene solution. 
    The interactions of the molecules within an ML are very complicated and highly difficult to 
compute. In this thesis, we are unable to cover how exactly the molecules interact with each 
other within an ML. However, based upon the solvent and ML study, we suggest that 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
c The calculation was running through Spartan using the Hartree-Fock minimum with a 3-21G 
basis set. 
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intermolecular and intramolecular hydrogen bonding interactions do affect the thermal relaxation 
rate of the ML. 
 
Figure 5.21   The cis-trans thermal relaxation of the o-methylated dMR and o-dMR ML from the 
photostioationaty state of the molecules.  
   
Figure 5.22   The chemical structures of (a) Azo 1 and (b) Azo 2 (62)  
5.2.5 Birefringence  
    To study the orientation dynamics of the MLs, the polarimeter built by Guanjiu Fang was 
utilized, as shown in Fig. 4.5. The o-dMR and o-methylated_dMR samples were illuminated by 
LPL with 50 mW/cm2 for 5 seconds to achieve an anisotropic layer. Once the pump light was 
turned off, the measurements were started. We assume that when the cis isomers thermally 
relax to trans isomers, the orientation of these trans molecules are even distributed. Under this 
condition, the PIA that was studied is rotational diffusion since there is no light involved in this 
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stage. Fang el. has studied this dynamic in o-dMR SAM and in derivitized disperse red 1 SAM 
with different surface coverage through the same polarimeter to investigate the molecular 
interactions within the SAM(77). He reported that the dynamic of the redistribution of the 
orientational order of the SAM exhibit sub-diffusive kinetics, as shown in Eq. 5.35(19, 63, 76, 77).  





                                                     (5.35) 
where Δn(t) is the birefringence of the ML as a function of time. A is a constant, which 
represents the initial birefringence. τth is the thermally barrier-passage trial time and Um is the 
mean barrier height. In the recent paper, Fang and Clark discussed the orientational soft glassy 
dynamics of an azobenzene-based self-assembly molecular monolayer when the ML is optical 
manipulated(63). As we described in Chapter 1.4, this sub-diffusive dynamics was mainly 
contributed from the high in-plane packing density and the tethers that limits the reorientation of 
the molecules. The higher the in-plane density of the ML is, the larger the mean barrier heights 
of the ML is, which is caused by the stronger intermolecular interactions. The tether of the 
molecules limits the molecules to orient, which greatly increases the barrier-passage trial time. 
    To investigate the hydrogen bonding effect on the dynamics of the rotational diffusion, the 
phase shift (Δnd) of the o-dMR and o-methylated_dMR sample was plotted as a function of time, 
as shown in Fig. 5.23. The phase shift of the samples was calculated by using Eq. (4.11). The 
phase shift of o-dMR and o-methylated_dMR sample shows a power-law decay, which indicates 
that the dynamics of the rotational diffusion in both MLs exhibits sub-diffusive behavior. The 
curves can be fitted into equation 5.35. Thus, we can get τth,o-dMR= 3.3 s, Um,o-dMR=2 kBT= 4.95 
KJ/mol, τth,o-methylate_dMR=4.2 s and Um,o-dMR=2.33 kBT = 5.76 KJ/mol.  
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    The results can be interpreted as follows. Firstly, since the orientation dynamics of both o-
dMR and o-methylated_dMR sample show a power-law decay, it indicates that the 
intermolecular hydrogen bonding, which has a dramatic influence on affecting the thermal 
relaxation rate of o-dMR, is not the dominant factor to alter the pattern of the dynamic of PIA. 
Actually the result may not be surprising since the ML study indicates that the dMR and 
methylated_dMR molecules may aggregate within an ML due to the π-π stacking effect, which 
implies the molecules may interact with each other collectively. Instead of acting as an individual 
molecule within an ML, the collective behavior of the molecules within an ML led to the power-
law dynamics. Secondly, the results show that the o-dMR ML has a smaller mean barrier height 
and trial time compared to the o-methylated_dMR ML does. Based upon the QTAIM study, o-
methylated_dMR moves its bulky methyl group away from azo nitrogen. Thus the volume that is 
needed for o-methylated_dMR to orient should be larger than o-dMR. Many studies address that 
the minimum local free volume is required for molecules to go through isomerization process(19, 
59-62, 77, 102). The isomerization process may be suppressed by the limit of free volume. 
Since the limit of local free volume suppresses the isomerization process, the rotational diffusion 
may be affected by the same factor. The tethers of o-methylated_dMR limits the reorientation 
more effectively due to more free volume is required for o-methylated_dMR to reorient. The 
intermolecular interactions within an ML are complicated to comprehend. Therefore, it is difficult 
to clearly explain why the mean barrier height of o-methylated_dMR is larger. It is plausible that 
the methyl group of o-methylated_dMR results in the repulsion between molecules and hence 
increases the mean barrier height. Or the attraction between o-dMR due to the intermolecular 
hydrogen interaction facilitates the rotational diffusion. 
    As discussed in Chapter 5.2.4, the o-methylated_dMR ML has a longer thermal relaxation 
time constant compared to the o-dMR ML. This longer thermal relaxation time constant may 
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lead to a smaller population of trans isomers. Yi el. has reported that a smaller population of the 
cis isomers within an ML, which leads to a larger population of the trans isomers, develops 
anisotropy faster due to the contribution from the trans isomers through angular hole 
burning(64). In Fig. 5.23, under same photowriting condition, the o-dMR ML has a larger initial 
phase shift compared to the o-methylated_dMR ML, which indicates that the o-dMR ML 
develops better anisotropy layer. This may be partially contributed from a larger population of 
trans isomers within the o-dMR ML. The similar phenomena was observed in recent paper from 
Fang(77).In this study, dDR1, derivitized Disperse Red 1, was studied. The dDR1 SAM shows a 
larger phase shift than the o-dMR SAM does and dDR1 molecules have a faster thermal 
relaxation rate than o-dMR do. There is no deeper discussion in this perspective. However, 
Fang suggested that the faster thermal relaxation rate of dDR1 leads to a trans-rich layer, which 
develops anisotropy faster. Thus, the larger phase shift of o-dMR ML, which is due to the larger 
population of the trans isomers in ML, may be contributed by a faster thermal relaxation rate of 
o-dMR. A larger amount of o-dMR within an ML than o-methylated_dMR, which was observed in 
AR-XPS study, may also contribute to a larger phase shift of the o-dMR ML. 
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Figure 5.23   The plot of the phase shift of o-dMR sample and o-methylated_dMR sample as a 
function of time, respectively. The samples were first illuminated by LPL (532nm) with 50 
mW/cm2 for 5 seconds. The measurement started once the LPL is turned off. A probing light 
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CHAPTER 6 
CONCLUSION AND FUTURE WORK 
    This thesis aims to unravel the puzzle: How do intermolecular and intramolecular hydrogen 
bonding alter the thermal relaxation rate of azo molecules and affect the dynamics of 
photoinduced anisotropy? To approach to the answers, we created a diversity of hydrogen 
bonding environment by choosing various solvents with specific hydrogen bonding property. The 
solution experiment provided a deeper understanding of the effect of hydrogen bonding on a ML. 
The siloxane tails of dMR and methylated dMR enables them to be attached to a silica surface 
so we can study the molecular interaction on the surface. dMR and methylated_dMR are almost 
identical; the only difference between them is that methylated_dMR has the hydrogen on the 
amide methylated while dMR keeps its hydrogen. o-dMR has a substituent in the ortho group, 
which enables the molecules to build an intramolecular hydrogen bond while  o-
methylated_dMR has the methylated amide group, which makes it impossible to build an 
intramolecular hydrogen bond. Thus by studying the difference of o-dMR and o-
methylated_dMR in solutions and monolayer, it would help us to understand the importance of 
intermolecular and intramolecular hydrogen bonding on the thermal relaxation rate that is 
related to the photoinduced anisotropy. 
    The study of the UV-Vis absorption spectrum of dMR and methylated_dMR molecules in 
toluene indicated that the substituent at the para and ortho position facilitates the resonance 
effect of the molecules. o-dMR has a larger bathochromic shift compared to p-dMR in toluene, 
which implied the existence of the intramolecular hydrogen bonding in o-dMR. The study of the 
bathochromic shift by comparing the absorption spectrum of o-dMR and o-methylated_dMR in 
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NHB and HBA solvents supported that o-dMR exhibits intramolecular hydrogen bonding 
between the hydrogen on the amide group and the azo nitrogen. This intramolecular hydrogen 
bonding can be dissociated by building intermolecular hydrogen bonding between the hydrogen 
on the amide group of o-dMR and the hydroxyl group of the HBA solvents. The measurement of 
cis-trans thermal relaxation of o-dMR and o-methylated_dMR shows that the cis to trans thermal 
relaxation rate of o-dMR was dramatically affected by the hydrogen bonding property of the 
solvents while the cis to trans thermal relaxation rate of o-methylated_dMR mainly depends on 
the polarity of the solvents. The dissociation of the intramolecular hydrogen bond of o-dMR due 
to intermolecular hydrogen bonding with HBA solvents plausibly weakens the resonance 
structure of o-dMR, which increases the barrier energy associated with the transition state. The 
bathochromic shift of o-methylated_dMR did not show any dependence on the hydrogen bond 
acceptor basicity and neither did the thermal relaxation rate of o-methylated_dMR, which 
confirms that the hydrogen bonding effect we observed in o-dMR is from the hydrogen on the 
amide group of o-dMR. The thermal relaxation rate of o-dMR was increased in HBD solvents, 
which is commonly observed in most of the pseudostilbene molecules. It is believed that the 
decrease of the barrier energy of the transition state is mainly produced by enhancement of 
electron withdrawing ability of the amide group that is caused by the interaction between the 
hydrogen on the HBD molecules and the amide group. 
    To support this hypothesis, we also verified it using quantum mechanics/chemistry theory. 
The topology of the electron density of o-dMR and o-methylated_dMR in vacuum, toluene (NHB), 
acetone (HBA) and methanol (HBD) was calculated. No bond critical point was observed 
between methyl group on the amide of o-methylated_dMR and the azo nitrogen. In contrast to 
that, we found a critical bond point between the hydrogen on the amide of o-dMR and the azo 
nitrogen. This critical bond point had the characteristics of a hydrogen bond. When comparing 
	   99	  
the electron density of the hydrogen bond point in different environments, we found out that 
acetone, which belongs to the HBA solvents, significant decreased the electron density of the 
bond point, which weakened the intramolecular hydrogen bond. When o-methylated_dMR and 
o-dMR were surrounded by methanol molecules, we observed the interaction between the 
oxygen on the amide group of o-dMR/o-methylated_dMR and the hydroxyl group of the 
methanol. This interaction was also presented in the measurement of the thermal relaxation rate 
of o-dMR in HBD solvents, which increases the thermal relaxation rate. 
    In summary, with most pseudostilbene molecules the barrier energy of the transition state of 
o-dMR and o-methylated_dMR is affected by the solvent polarity due to the differential 
stabilization of the LUMO and HOMO in polar environments. Interestingly, from the solution 
experiments, we observed that intermolecular and intramolecular hydrogen bond plays a 
significant role in altering the thermal relaxation rate of o-dMR depending on the type of 
hydrogen bonding promoted by the solvent. 
    The roughness of the MLs was studied using AFM and the results showed that the surface of 
the MLs were relative smooth, which enhances the interactions between the molecules and LC 
molecules. The thickness and the volume density of o-dMR and o-methylated_dMR ML were 
studied by using AR-XPS. We did not successfully obtain the thickness of the o-dMR ML. 
However, the thickness of o-dMR ML was previously determined by youngwoo Yi to be around 1 
nm. Since we followed his procedures in making the ML, there is no reason to believe we have 
different thickness of the ML of that molecule. The effective thickness of the o-methylated_dMR 
was determined in this study to be 0.79 nm based upon AR-XPS measurement. The volume 
densities of the MLs were also determined by using AR-XPS. The results shows that o-dMR ML 
was denser than the o-methylated_dMR ML. This indicates that the o-dMR ML should 
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demonstrate better ability in photo-aligning LC molecules since more molecules contribute to the 
anchoring energy of the layer. 
    The study of the UV-Vis absorption spectrum of dMR and methylated_dMR ML showed a 
broadening and shift of the absorption spectrum in all molecules. Two mechanisms contribute to 
this phenomena: (1) H-/J- aggregates of the molecules in 2-dimensions that increase/decrease 
the excitation energy of the molecules. (2) The solvatochromic shift that is caused by the 
intermolecular hydrogen interactions in a ML, which alters the difference between LUMO and 
HOMO orbitals. The measurement of the thermal relaxation of the photostationary state in 
monolayer of o-dMR and o-methylated_dMR shows that the thermal relaxation time constant of 
o-methylated_dMR is longer (τo-methylated_dMR= 1195 s) than of o-dMR (τo-methylated_dMR= 799 s). By 
comparing the thermal relaxation time constant in solvents and in a ML of o-dMR and o-
methylated_dMR, the results implied that the thermal relaxation of the ML is affected by the 
intermolecular and intramolecular hydrogen interactions. The broadening and shift of the 
absorption spectrum of the ML that is partially caused by the intermolecular and intramolecular 
hydrogen interaction agrees with this explanation.  
    The measurement of the birefringence of o-dMR and o-methylated_dMR ML, which relates to 
the redistribution of the orientational order of the molecules in a ML during the rotational 
diffusion process, showed a power-law decay for both types of molecules. This indicates that 
intermolecular and intramolecular hydrogen interactions are not the dominant factors in 
determining the orientation dynamics. Thus, it is believed that the sub-diffusion kinetics of the 
ML, which was attributed to a wide distribution of the barrier heights of the molecules, is caused 
by the π-π stacking of the conjugated cores. However, it was found that the methyl substituent 
on the amide group of o-methylated_dMR hindered the redistribution of the orientation of the 
molecules. This may be attributed to the bulky methyl group on the amide that decreases the 
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available free volume needed for reorientation, thus inhibiting the rotation of molecules. Notably, 
under the same illumination dose, the o-dMR ML developed a larger phase shift than the o-
methylated_dMR ML. From the study of the volume density of the ML, it was found that the o-
dMR ML is denser than o-methylated_dMR ML. The measurement of the thermal relaxation of 
the ML showed that the o-dMR molecule thermally relax faster in a ML than o-methylated_dMR, 
which helps o-dMR to develop larger population of the trans isomers. Since o-dMR ML has 
more trans isomers, it is able to develop a larger birefringence, which is associated with a more 
anisotropic layer. 
    The questions that were proposed in Chapter 1 can now be answered with the results of this 
study. 
(1) What kind of intermolecular and intramolecular hydrogen bonding property can facilitate 
the thermal relaxation mechanism in solutions? 
    The intermolecular hydrogen bond that dissociates the intramolecular hydrogen bond 
decreases the resonance effect in o-dMR, which increases the barrier energy of the cis –
trans transition state. The intermolecular hydrogen bond that enhances the electron-
withdrawing ability of the electron-withdrawing group decreases the barrier energy of the 
transition state and thus facilitates the thermal relaxation of the cis state. 
(2) Can we manipulate the thermal relaxation rate by controlling the intermolecular hydrogen 
bonding in a ML? 
    Ideally, yes. From the measurement of the thermal relaxation rate of the ML, the 
thermal relaxation rate of the o-dMR ML is affected by the intermolecular hydrogen 
bonding within a ML. If the molecule can be designed in such way that keeps the 
preferred intermolecular hydrogen bond in a ML, a faster thermal relaxation rate of the 
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ML should be achieved. However, we have to keep in mind that the use of the ML is to 
photo-align the LC molecules, which places additional constraints on the structure. 
(3) Does the intermolecular hydrogen bonding influence within a ML affect the dynamics of 
PIA? 
    The intermolecular hydrogen interaction does not seem to affect the orientation 
dynamics in the dark. However, the intermolecular hydrogen bond that facilitates the 
thermal relaxation does affect the population of the trans isomers in a ML, which 
influence the quality of the anisotropy. 
    In sum, we draw two main conclusions from the solvent study of dMR and methylated_dMR: 
(1) o-dMR does have an intramolecular hydrogen bond between the hydrogen on the amide and 
the azo nitrogen, and (2) the electronic and transition state of o-dMR is affected by the 
intermolecular hydrogen-bonding interactions between solvents and solute. By the monolayer 
study, two conclusions are drawn: (1) the electronic and transition state of o-dMR is altered by 
intermolecular hydrogen-bonding interactions and π-stacking between the molecules, and (2) 
the orientational dynamics of o-dMR ML is determined by the π-stacking effect rather than 
intermolecular hydrogen-bonding interactions. However, the o-dMR ML with a faster thermal 
relaxation rate and higher volume density of the ML than the o-methylated_dMR ML develops a 
better anisotropic layer. The intramolecular hydrogen-bonding interactions of o-dMR, which 
enhances the resonance structure of the molecule, may be one of the main factors contributing 
to the superior photosensitivity of the o-dMR ML. 
    In the future, it would be interesting to study o-dMR with an electron-accepting substituent on 
the para position of the phenyl ring that carries the triethoxysilane functional group. This 
substituent of electron –accepting group, such as chloride, carboxylic acid, and nitro group, on 
the para position of the o-dMR will enhance the push-pull character of the o-dMR. This leads to 
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the decrease of the barrier energy of the transition state of the o-dMR, which increases its 
thermal relaxation rate. The study of the transition state of the azo molecules in different 
hydrogen-bonding environment using quantum chemistry and mechanics would provide 
information of how the rotation and inversion pathway compete with each others based upon 
intermolecular hydrogen-bonding interactions. To advanced verify the 2-D aggregation within an 
azo ML; it would also be helpful to study the molecular structure of the azo ML through scanning 
tunneling microscopy (STM) (62). It would be also interesting to study the orientational dynamics 
of a similar azo molecule with a shorter alkyl chain attached to the functional triethoxysilane 
group. The trial time that is associated with the tether caused by the lengthy functional group 
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APPEDIX 
Synthesis of the 4-(dimethylamino)phenyl)diazenyl)benzoic acids 
 
(E)-2-((4-(dimethylamino)phenyl)diazenyl)benzoic acid (Methyl Red) was purchased from 
Sigma-Aldrich. (E)-3-((4-(dimethylamino)phenyl)diazenyl)benzoic acid (3-MR) and (E)-4-((4-
(dimethylamino)phenyl)diazenyl)benzoic acid (4-MR) were synthesized from N,N’-
Dimethylaniline and the corresponding Aminobenzoic acid[1]. 
Synthesis of N-methyl-3-aminopropyltriethoxysilane 
 
3-Aminopropyltriethoxysilane was purchased from Sigma-Aldrich. N-methyl-3-
aminopropyltriethoxysilane (7) was synthesized, starting from the commercially available N-
methyl-3-aminopropyltrimethoxysilane (6, SynQuest Labs.). To a solution of 200 mmol (38.66 g) 
of N-methyl-3-aminopropyltrimethoxysilane (6) in 200 mL abs. ethanol (dried over sodium) 
under argon and in a flame dried flask, equipped with distillation apparatus and a well-insulated 
refractive column, 20 mg of anhydrous p-toluenesulfonic acid were added. At a head 
temperature of 65°C (bath temp. 90°C) methanol was carefully distilled off the solution over 3 
days under normal pressure. During the exchange reaction ethanol was added three times in 
portions of 20 mL. By raising the head temperature to 110°C, ethanol and the remaining 
substrate were distilled of. The crude product was purified by further distillation at 60°C under 
reduced pressure, yielding 41.54 g (176.5 mmol, 88 %) of 7 as colorless oil. 
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1H NMR (300 MHz, CDCl3) δ 3.78 (q, J = 7.0 Hz, 6H; Si(OCH2CH3)3), 2.54 (t, J = 7.2 Hz, 2H; 
NCH2CH2CH2Si), 2.39 (s, 3H; NCH3), 1.64 – 1.50 (m, 2H; NCH2CH2CH2Si), 1.19 (t, J = 7.0 Hz, 
9H; Si(OCH2CH3)3), 0.66 – 0.55 (m, 2H; NCH2CH2CH2Si). 
13C NMR (75 MHz, CDCl3) δ 58.43 (t; Si(OCH2CH3)3), 55.00 (t; NCH2CH2CH2Si), 36.47 (q; 
NCH3), 23.17 (t; NCH2CH2CH2Si), 18.39 (q; Si(OCH2CH3)3), 8.01 (t; NCH2CH2CH2Si). 
LRMS (ESI+) m/z: 176 (5%) [MH+-OEt -CH3], 190 (21) [MH+-OEt], 199 (9), 208 (5) [MH2+-
NHCH3], 222 (8) [MH2+-CH3], 236 (100) [MH+]. 
HRMS (ESI+) m/z calcd. for C10H25NO3Si+H+: 236.1676. Found: 236.1682. 
Synthesis of (4-(dimethylamino)phenyl)diazenyl-N-(3-(triethoxysilyl)propyl)benzamides 
 
General Procedure exemplary on 2-((4-(dimethylamino)phenyl)diazenyl)-N-(3-(triethoxysilyl)-
propyl)benzamide (10): 
In a flame dried 100 ml flask under argon, 10.0 mmol (2.693 g) of 8 and 12.0 mmol (2.476 g) of 
DCC were solved in 30 ml abs. DCM. 11.0 mmol (2.435 g) of 9 were slowly added via syringe.d 
The solution was stirred for 14h at r.t. and 50 ml petrol ether were added before filtration. The 
solvent of the filtrate was evaporated and the crude product was purified by column 
chromatography on SiO2 with a 4:6:1 mixture of ethyl acetate, hexane and methylene dichloride. 
A subsequent recrystallization from hexanes gave 4.028 g (8.52 mmol, 85%) of pure 10 as 
orange flakes. 
1H NMR (300 MHz, Chloroform-d) δ 9.11 (t, J = 5.6 Hz, 1H; NH), 8.46 – 8.27 (m, 1H; 3-H), 7.78 
(d, J = 9.3 Hz, 2H; 2’-H and 6’-H), 7.90 – 7.66 (m, 1H; 6-H), 7.55 – 7.38 (m, 2H; 4-H and 5-H), 
6.76 (d, J = 9.2 Hz, 2H; 3’-H and 5’-H), 3.78 (q, J = 7.0 Hz, 6H; Si(OCH2CH3)3), 3.53 (td, J = 7.3, 
5.7 Hz, 2H; NCH2CH2CH2Si), 3.10 (s, 6H; N(CH3)2), 1.87 – 1.68 (m, 2H; NCH2CH2CH2Si), 1.18 (t, 
J = 7.0 Hz, 9H; Si(OCH2CH3)3), 0.80 – 0.61 (m, 2H; NCH2CH2CH2Si). 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
d Due to the hydrolysis labile nature of the siloxane moiety und acidic or basic conditions, the addition of DMAP 
was avoided in order to prevent polymerization. However, except for the ortho substituted compounds 10 and 11, 
this resulted in the formation of the corresponding N-acylurea as main product. 
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13C NMR (75 MHz, CDCl3) δ 166.15 (s; CONH), 153.14 (s; C-4’), 150.50 (s; C-1), 143.54 (s; C-
1’), 131.56 (d; C-4), 131.47 (d; C-3), 129.84 (s; C-2), 129.59 (d; C-5), 125.80 (d; C-2’ and C-6’), 
115.96 (d; C-6), 111.77 (d; C-3’ and C-5’), 58.47 (t; Si(OCH2CH3)3), 42.83(t; NCH2CH2CH2Si), 
40.35 (q; N(CH3)2), 23.44 (t; NCH2CH2CH2Si), 18.42 (q; Si(OCH2CH3)3), 8.21(t; NCH2CH2CH2Si). 
LRMS (ESI+) m/z: 252 (19%) [MH+-HN(CH2)3Si(OEt)3], 427 (5) [MH+-OEt], 473 (100) [MH+]. 
HRMS (ESI+) m/z calcd. for C24H36N4O4Si+H+: 473.2579. Found: 473.2582. 
EA Anal. calcd. for C24H36N4O4Si: C 60.99, H 7.68, N 11.85. Found: C 60.84, H 7.73, N 11.93%. 
2-((4-(dimethylamino)phenyl)diazenyl)-N-methyl-N-(3-(triethoxysilyl)propyl)benzamide 
(11): 
20 mmol (5.386 g) of 8, 24 mmol (4.952 g) DCC and 22 mmol (5.178 g) of 7 were reacted 
according to the general procedure. The crude product was further purified chromatographically, 
using Alox N with chloroform as eluent, yielding 7.856 g (16.1 mmol, 81 %) of 11 as dark red oil. 
Conformer 1: 
1H NMR (500 MHz, CDCl3) δ = 7.82 (d, J = 9.5 Hz, 2H; 2’-H and 6’-H), 7.79 – 7.74 (m, 1H; 6-H), 
7.45 – 7.40 (m, 2H; 4-H and 5-H), 7.40 (dd, J = 9.1 Hz, 0.7, 1H; 3-H), 6.74 (d, J = 9.1 Hz, 2H; 3’-
H and 5’-H), 3.84 (q, J = 7.0 Hz, 6H; Si(OCH2CH3)3), 3.67 – 3.64 (m, 1H; NCHHCH2CH2Si), 3.54 
– 3.42 (m, 1H; NCHHCH2CH2Si), 3.07 (s, 6H; N(CH3)2), 2.72 (s, 3H; CONCH3), 1.91 – 1.73 (m, 
2H; NCH2CH2CH2Si), 1.23 (t, J = 7.0 Hz, 9H; Si(OCH2CH3)3), 0.81 – 0.60 (m, 2H; 
NCH2CH2CH2Si). 
13C NMR (75 MHz, CDCl3) δ 170.41 (s; CONCH3), 152.67 (s; C-4’), 148.80 (s; C-1), 143.75 (s; 
C-1’), 135.82 (s; C-2), 129.64 (d; C-4), 129.33 (d; C-5), 127.37 (d; C-3), 125.38 (d; C-2’ and C-
6’), 117.32 (d; C-6), 111.52 (d; C-3’ and C-5’), 58.49 (t; Si(OCH2CH3)3), 49.90 (t; 
NCH2CH2CH2Si), 40.34 (q; N(CH3)2), 36.73 (q; CONCH3), 20.63 (t; NCH2CH2CH2Si), 18.45 (q; 
Si(OCH2CH3)3), 7.85 (t; NCH2CH2CH2Si). 
Conformer 2: 
1H NMR (500 MHz, CDCl3) δ = 7.80 (d, J = 9.5 Hz, 2H; 2’-H and 6’-H), 7.80 – 7.76 (m, 1H; 6-H), 
7.45 – 7.40 (m, 2H; 4-H and 5-H), 7.38 (m, 1H; 3-H), 6.70 (d, J = 9.1 Hz, 2H; 3’-H and 5’-H), 
3.66 (q, J = 7.0 Hz, 6H; Si(OCH2CH3)3), 3.14 (s, 3H; CONCH3), 3.13 – 3.04 (m, 1H; 
NCHHCH2CH2Si), 3.07 (s, 6H; N(CH3)2), 3.02 – 2.92 (m, 1H; NCHHCH2CH2Si), 1.59 – 1.48 (m, 
2H; NCH2CH2CH2Si), 1.12 (t, J = 7.0 Hz, 9H; Si(OCH2CH3)3), 0.31 (dt, J = 26.8, 7.9 Hz, 1H; 
NCH2CH2CH2Si). 
13C NMR (75 MHz, CDCl3) δ 170.73 (s; CONCH3), 152.67 (s; C-4’), 148.83 (s; C-1), 143.82 (s; 
C-1’), 135.32 (s; C-2), 129.46 (d; C-4), 129.36 (d; C-5), 127.47 (d; C-3), 125.40 (d; C-2’ and C-
6’), 116.84 (d; C-6), 111.45 (d; C-3’ and C-5’), 58.37 (t; Si(OCH2CH3)3), 53.45 (t; 
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NCH2CH2CH2Si), 40.31 (q; N(CH3)2), 32.26 (q; CONCH3), 21.32 (t; NCH2CH2CH2Si), 18.31 (q; 
Si(OCH2CH3)3), 7.37 (t; NCH2CH2CH2Si). 
LRMS (ESI+) m/z: 252 (100%) [MH+-HCH3(CH2)3Si(OEt)3], 441 (7) [MH+-OEt], 473 (51) [MH+]. 
HRMS (ESI+) m/z calcd. for C25H38N4O4Si+H+: 487.2735. Found: 487.2738. 
EA Anal. calcd. for C25H38N4O4Si: C 61.70, H 7.87, N 11.51. Found: C 60.38, H 7.73, N 11.98%. 
3-((4-(dimethylamino)phenyl)diazenyl)-N-(3-(triethoxysilyl)-propyl)benzamide (12): 
15.7 mmol (4.251 g) of 3, 19 mmol (3.920 g) DCC and 18 mmol (3.804 g) of 9 were reacted 
according to the general procedure. The crude product was further purified chromatographically 
(SiO2 with a 4:6:1 mixture of ethyl acetate, hexane and methylene dichloride) and recrystallized 
from hexanes, yielding 1.412 g; (2.99 mmol; 19%) of 12 as an orange solid. 
1H NMR (300 MHz, CDCl3) δ 8.16 (ddd, J = 1.9, 1.8, 0.5 Hz, 1H; 2-H), 7.95 (ddd, J = 7.9, 1.9, 
1.2 Hz, 1H; 4-H), 7.88 (d, J = 9.2 Hz, 2H; 2’-H and 6’-H), 7.87 (m, 1H; 6-H), 7.59 – 7.47 (m, 1H; 
5-H), 6.75 (d, J = 9.2 Hz, 2H; 3’-H and 5’-H), 6.68 (t, J = 5.5 Hz, 1H; NH), 3.83 (q, J = 7.0 Hz, 6H; 
Si(OCH2CH3)3), 3.50 (td, J = 6.9, 5.8 Hz, 2H; NCH2CH2CH2Si), 3.08 (s, 6H; N(CH3)2), 1.86 – 
1.69 (m, 2H; NCH2CH2CH2Si), 1.22 (t, J = 7.0 Hz, 9H; Si(OCH2CH3)3), 0.79 – 0.65 (m, 2H; 
NCH2CH2CH2Si). 
13C NMR (75 MHz, CDCl3) δ 167.21 (s; CONH), 153.20 (s; C-3), 152.75 (s; C-4’), 143.58 (s; C-
1’), 135.90 (s; C-1), 129.36 (d; C-5), 128.21 (d; C-6), 125.36 (d; C-4),, 125.27 (d; C-2’ and C-6’), 
119.93 (d; C-2), 111.58 (d; C-3’ and C-5’), 58.64 (t; Si(OCH2CH3)3), 42.46 (t; NCH2CH2CH2Si), 
40.40 (q; N(CH3)2), 23.03 (t; NCH2CH2CH2Si), 18.43 (q; Si(OCH2CH3)3), 8.01 (t; NCH2CH2CH2Si). 
LRMS (ESI+) m/z: 425 (42) [MH+-OEt], 473 (100) [MH+]. 
HRMS (ESI+) m/z calcd. for C24H36N4O4Si+H+: 473.2579. Found: 473.2580. 
EA Anal. calcd. for C24H36N4O4Si: C 60.99, H 7.68, N 11.85. Found: C 60.58, H 7.58, N 12.61%. 
3-((4-(dimethylamino)phenyl)diazenyl)-N-methyl-N-(3-(triethoxysilyl)propyl)benzamide 
(13): 
20.0 mmol (5.386 g) of 3, 24 mmol (4.952 g) DCC and 22 mmol (5.178 g) of 7 were reacted 
according to the general procedure. The crude product was further purified chromatographically 
(SiO2 with a 4:6:1 mixture of ethyl acetate, hexane and methylene dichloride, then Alox N, 
chloroform), yielding 3.666 g (7.5 mmol; 38%) of 13 as a dark red oil. 
Conformer 1: 
1H NMR (300 MHz, CDCl3) δ 7.90 – 7.82 (m, 2H; 2-H and 6-H), 7.85 (d, J = 9.1 Hz, 2H; 2’-H and 
6’-H) 7.49 (t, J = 8.0 Hz, 1H; 5-H), 7.44 – 7.32 (m, 1H; 4-H), 6.74 (d, J = 9.2 Hz, 2H; 3’-H and 5’-
H), 3.85 (q, J =6.8 Hz, 6H; Si(OCH2CH3)3), 3.55 (t, J = 7.5 Hz, 2H; NCH2CH2CH2Si), 3.08 (s, 6H; 
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N(CH3)2), 2.97 (s, 3H; CONCH3), 1.88 – 1.76 (m, 2H; NCH2CH2CH2Si), 1.24 (t, J = 6.9 Hz, 9H; 
Si(OCH2CH3)3) , 0.70 (t, J = 8.4 Hz, 1H; NCH2CH2CH2Si). 
13C NMR (75 MHz, CDCl3) δ 170.90 (s; CONCH3), 153.06 (s; C-1), 152.71 (s; C-4’), 143.62 (s; 
C-1’), 137.69 (s; C-3), 129.22 (d; C-5), 127.55 (d; C-4), 125.26 (d; C-2’ and C-6’), 123.36 (d; C-
6), 120.41 (d; C-2), 111.55 (d; C-3’ and C-5’), 58.54 (t; Si(OCH2CH3)3), 50.17 (t; 
NCH2CH2CH2Si), 40.41 (q; N(CH3)2), 37.66 (s; CONCH3), 20.52 (t; NCH2CH2CH2Si), 18.42 (q; 
Si(OCH2CH3)3), 7.69 (t; NCH2CH2CH2Si). 
Conformer 2: 
1H NMR (300 MHz, CDCl3) δ 7.90 – 7.82 (m, 2H; 2-H and 6-H), 7.85 (d, J = 9.1 Hz, 2H; 2’-H and 
6’-H) 7.49 (t, J = 8.0 Hz, 1H; 5-H), 7.44 – 7.32 (m, 1H; 4-H), 6.74 (d, J = 9.2 Hz, 2H; 3’-H and 5’-
H), 3.73 (q, J =6.9 Hz, 6H; Si(OCH2CH3)3), 3.28 (t, J = 7.7 Hz, 2H; NCH2CH2CH2Si), 3.09 (s, 3H; 
CONCH3), 3.08 (s, 6H; N(CH3)2), 1.74 – 1.58 (m, 2H; NCH2CH2CH2Si), 1.16 (t, J = 6.9 Hz, 9H; 
Si(OCH2CH3)3) , 0.40 (t, J = 8.3 Hz, 1H; NCH2CH2CH2Si). 
13C NMR (75 MHz, CDCl3) δ 171.67 (s; CONCH3), 153.06 (s; C-1), 152.71 (s; C-4’), 143.62 (s; 
C-1’), 137.69 (s; C-3), 129.22 (d; C-5), 127.74 (d; C-4), 125.26 (d; C-2’ and C-6’), 123.36 (d; C-
6), 120.57 (d; C-2), 111.55 (d; C-3’ and C-5’), 58.54 (t; Si(OCH2CH3)3), 53.97 (t; 
NCH2CH2CH2Si), 40.41 (q; N(CH3)2), 32.92 (s; CONCH3), 21.94 (t; NCH2CH2CH2Si), 18.42 (q; 
Si(OCH2CH3)3), 7.40 (t; NCH2CH2CH2Si). 
LRMS (ESI+) m/z:, 441 (100) [MH+-OEt], 473 (89) [MH+]. 
HRMS (ESI+) m/z calcd. for C25H38N4O4Si+H+: 487.2735. Found: 487.2737. 
EA Anal. calcd. for C25H38N4O4Si: C 61.70, H 7.87, N 11.51. Found: C 60.30, H 7.88, N 11.79%. 
4-((4-(dimethylamino)phenyl)diazenyl)-N-(3-(triethoxysilyl)-propyl)benzamide (14): 
13.9 mmol (3.759 g) of 5, 16 mmol (3.301 g) DCC and 15 mmol (3.32 g) of 9 were reacted 
according to the general procedure. The crude product was further purified chromatographically 
(SiO2 with a 4:6:1 mixture of ethyl acetate, hexane and methylene dichloride) and then 
recrystallized from hexanes, yielding 0.613 g (1.297 mmol, 9%) of 14 as an orange solid. 
1H NMR (300 MHz, CDCl3) δ 7.95 – 7.82 (m, 6H; 2-H/6-H, 3-H/ 5-H, 2’-H/6’-H ), 6.75 (d, J = 9.2 
Hz, 2H; 3’-H and 5’-H), 6.62 (t, J = 5.8 Hz, 1H; NH), 3.83 (q, J = 7.0 Hz, 6H; Si(OCH2CH3)3), 
3.49 (td, J = 6.8, 5.8 Hz, 2H; NCH2CH2CH2Si), 3.09 (s, 6H; N(CH3)2), 1.86 – 1.70 (m, 2H; 
NCH2CH2CH2Si), 1.23 (t, J = 7.0, 7.0 Hz, 9H; Si(OCH2CH3)3), 0.79 – 0.66 (m, 2H; 
NCH2CH2CH2Si). 
13C NMR (75 MHz, CDCl3) δ 167.12 (s; CONH),, 155.04 (s; C-4), 152.89 (s; C-4’), 143.77 (s; C-
1’), 135.12 (s; C-1), 127.89 (d; C-2 and C-6), 125.48 (d; C-2’ and C-6’), 122.29 (d; C-3 and C-5), 
111.58 (d; C-3’ and C-5’), 58.67 (t; Si(OCH2CH3)3), 42.41 (t; NCH2CH2CH2Si), 40.42 (q; N(CH3)2), 
23.03 (t; NCH2CH2CH2Si), 18.44 (t; NCH2CH2CH2Si), 8.02 (t; NCH2CH2CH2Si). 
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LRMS (ESI+) m/z: 225 (13) [M+ - CONCH3(CH2)3Si(OEt)3], 425 (13) [MH+-OEt], 473 (100) [MH+]. 
HRMS (ESI+) m/z calcd. for C24H36N4O4Si+Na+: 495.2404. Found: 495.2404. 
EA Anal. calcd. for C24H36N4O4Si: C 60.99, H 7.68, N 11.85. Found: C 60.94, H 7.68, N 12.89 %. 
4-((4-(dimethylamino)phenyl)diazenyl)-N-methyl-N-(3-(triethoxysilyl)propyl)benzamide 
(15): 
20 mmol (5.386 g) of 5, 24 mmol (4.952 g) DCC and 22 mmol (5.178 g) of 7 were reacted 
according to the general procedure. The crude product was further purified chromatographically 
(SiO2 with a 4:6:1 mixture of ethyl acetate, hexane and methylene dichloride) and then 
recrystallized from hexanes, yielding 1.573 g (3.23 mmol, 16%) of 15 as an orange solid. 
Conformer 1 
1H NMR (300 MHz, CDCl3) δ 7.88 (d, J = 9.2 Hz, 2H; 2’-H and 6’-H), 7.84 (d, J = 8.7 Hz, 2H; 2-H 
and 6-H), 7.49 (broad d, J = 7.0 Hz, 2H; 3-H and 5-H), 6.75 (d, J = 9.2 Hz, 2H; 3’-H and 5’-H), 
3.84 (q, J = 6.7 Hz, 6H; ), 3.64 – 3.42 (m, 2H; NCH2CH2CH2Si), 3.09 (s, 6H; N(CH3)2), 2.96 (s, 
3H; CONCH3), 1.90 – 1.72 (m, 2H; NCH2CH2CH2Si), 1.23 (t, 9H, J = 6.8 Hz; Si(OCH2CH3)3), 
0.77 – 0.64 (m, 2H; NCH2CH2CH2Si). 
13C NMR (75 MHz, CDCl3) δ 171.85 (s; CONCH3), 153.80 (s; C-1), 152.78 (s; C-4’), 143.74 (s; 
C-1’), 137.40 (s; C-4), 127.80 (d; C-3 and C-5), 125.34 (d; C-2’ and C-6’), 122.27 (d; C-2 and C-
6), 111.60 (d; C-3’ and C-5’), 58.54 (t; Si(OCH2CH3)3), 50.14 (t; NCH2CH2CH2Si), 40.43 (q; 
N(CH3)2), 37.66 (q; CONCH3), 20.47 (t; NCH2CH2CH2Si), 18.45 (q; Si(OCH2CH3)3), 7.61 (t; 
NCH2CH2CH2Si). 
Conformer 2 
1H NMR (300 MHz, CDCl3) δ 7.88 (d, J = 9.2 Hz, 2H; 2’-H and 6’-H), 7.84 (d, J = 8.7 Hz, 2H; 2-H 
and 6-H), 7.49 (broad d, J = 7.0 Hz, 2H; 3-H and 5-H), 6.75 (d, J = 9.2 Hz, 2H; 3’-H and 5’-H), 
3.76 (q, J = 7.0 Hz, 6H; ), 3.26 (t, J = 7.0 Hz, 2H; NCH2CH2CH2Si), 3.09 (s, 6H; N(CH3)2), 3.08 (s, 
3H; CONCH3), 1.72 – 1.58 (m, 2H; NCH2CH2CH2Si), 1.19 (t, 9H, J = 6.8 Hz; Si(OCH2CH3)3), 
0.40 (t, J = 7.9 Hz, 2H; NCH2CH2CH2Si). 
13C NMR (75 MHz, CDCl3) δ 171.85 (s; CONCH3), 153.80 (s; C-1), 152.78 (s; C-4’), 143.74 (s; 
C-1’), 137.40 (s; C-4), 127.80 (d; C-3 and C-5), 125.34 (d; C-2’ and C-6’), 122.27 (d; C-2 and C-
6), 111.60 (d; C-3’ and C-5’), 58.54 (t; Si(OCH2CH3)3), 53.94 (t; NCH2CH2CH2Si), 40.43 (q; 
N(CH3)2), 32.92 (q; CONCH3), 21.94 (t; NCH2CH2CH2Si), 18.45 (q; Si(OCH2CH3)3), 7.46 (t; 
NCH2CH2CH2Si). 
LRMS (ESI+) m/z: 425 (100%) [MH+-OEt -CH3], 441 (60) [MH+-OEt], 473 (40) [MH+]. 
HRMS (ESI+) m/z calcd. for C25H38N4O4Si+H+: 487.2735. Found: 487.2737. 
EA Anal. calcd. for C25H38N4O4Si: C 61.70, H 7.87, N 11.51. Found: C 61.76, H 8.02, N 11.52 %. 
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